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Abstract 
 
The micro and nano electronics industry is rapidly advancing, approaching the 
limits of Moore’s law. It is possible to overcome this limit by exploiting the quantum 
properties of new class of materials with two dimensional or one-dimensional 
structures. Graphene, a single layer of carbon atoms, is one of the most outstanding 
candidates because of its exceptional properties, spanning from super-high strength to 
quantum conduction. Epitaxial graphene on 3C SiC (111)/Si (111) is a promising option 
to realise electronic circuits; it combines the excellent properties of monolayer 
graphene on a strong bulk semiconductor as SiC. SiC has a wide band gap, and may 
contribute to opening the band gap of graphene (otherwise a semimetal), a crucial 
feature to use it in nano and microelectronics. The epitaxial growth of 3C SiC (111) on Si 
(111) is a cost effective procedure to grow graphene electronics directly on the Si chip, 
saving on the high cost of bulk SiC, and providing practical advantages to the 
development of the future electronic industry. For this purpose, a complete 
understanding of the growth process of epitaxial graphene on 3C SiC (111)/Si (111) is 
mandatory.  
In this project I produced graphene layers on 3C SiC/Si by Ultra High Vacuum 
annealing, and analysed by X-ray Photoelectron Spectroscopy the epitaxial graphene 
growth as a function of temperature and annealing time, in order to understand better 
the growth process on epitaxial SiC/Si. I have been able to fit the results with an 
Arrhenius plot to calculate the activation energy of the graphene layer formation.  
By using Scanning Tunneling Microscopy I was able to discover the details of the 
v 
 
transition from SiC to graphene, providing, for the first time, a clear picture of the 
different stages of the transformation. 
I also studied the effects of defects on epitaxial graphene and the effect of the 
substrate on the epitaxial graphene quality by comparing polished and unpolished 
substrates, providing key information to improve the quality of epitaxial graphene. 
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Chapter 1 
1 Introduction 
 
1.1 Motivation: 
 
Necessity, along with the human mind’s curiosity and tendency to solve the scientific 
problems are the three important factors that create opportunities for new and 
advanced scientific development. Any new material, technique and development of the 
twenty-first century is the result of this. An impressive example can be seen in the case 
of graphene, a single layer of carbon atoms arranged in a honeycomb lattice, which was 
described theoretically by P. R. Wallace by using the tight-binding approximation as a 
first step to calculate the band structure and Brillouin zone of graphite [1]. It was 
considered not to be stable as a free single layer of atoms until the ground-breaking 
work by Geim and Novoselov in 2004 [2]. Their studies not only confirmed the stability 
of a single layer of C atoms, but also revealed its exceptional properties and opened new 
avenues for its applications in micro and nano electronics, optoelectronics, sensors and 
touch screens. 
Graphene’s properties may help to circumvent some of the issues that arise in silicon-
based complimentary metal-oxide semiconductor (CMOS) technology. Graphene may 
have a greater role to play in flexible, analogue and unconventional electronics [3]. 
These applications take advantage of graphene’s unique electronic properties, like the 
massless behaviour of its electrons and might be exploited for the creation of new and 
exciting devices. For practical applications, however, it is essential to produce graphene 
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in large amounts. One of the most promising production techniques is the graphitisation 
of Silicon Carbide (SiC) by thermal decomposition at high temperature [4, 5]. Due to its 
large band gap, SiC has applications in high power, high frequency and high 
temperature devices. Epitaxial graphene (EG) on SiC could therefore be directly 
implemented in the existing device technology and industrial process. Unfortunately, 
the high cost of SiC would hamper the production of graphene to the industrial scale. 
The use of epitaxial layers of SiC grown on Si (especially 3C SiC (111)/Si (111)) is a 
promising route for industrial scale production, as it reduces the cost of the substrate 
and matches the existing technology based on Si. The high temperature required for the 
growth of EG on 3C SiC (111) remains still a serious drawback. Regardless, the potential 
advantage associated with EG on 3C SiC (111)/Si (111) mandates detailed study of the 
growth process.  
Motivated by the promising prospects of EG on SiC, the goal of this PhD thesis is to offer 
a detailed insight into the growth of graphene layers on 3C SiC in Ultra High Vacuum 
(UHV). UHV provides a clean environment that is crucial for surface science studies and 
precise in-situ characterisation of its structural and chemical properties. 
1.2 Outline 
 
Chapter 2 provides general information on graphene and its properties, a literature 
review on synthesis methods, general introduction to SiC, and a review of EG growth on 
SiC and 3C SiC. It also points out the knowledge gap.  
Chapter 3 describes the necessity of EG growth in UHV. It presents experimental details 
that include information about the UHV Scanning Tunneling Microscope, which has 
been a key tool for this project; different type of 3C SiC substrates; methods used for 
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polishing the substrate; and the sample preparation process. It also includes the 
description of other in situ characterisation tools, such as: Atomic Force Microscopy 
(AFM) and X-ray Photoelectron Spectroscopy (XPS).  
Chapter 4 presents the results. This chapter consists of six sections. In sections 4.1 and 
4.2, the evolution of EG growth on 3C SiC (111)/Si (111) as a function annealing 
temperature and time has been examined. Section 4.3 examines the transition of surface 
reconstruction from 3C SiC (111)/ Si (111) towards graphene. Section 4.4 describes the 
effect of the defects on graphene’s properties. Section 4.5 describes the detailed study of 
EG on unpolished and polished 3C SiC (111)/ Si (111) substrates. Finally, in Section 4.6 a 
comparison of EG growth on Chemically Mechanically Polished (CMP) 3C SiC (111) and 
3C SiC (100) is presented.  
Chapter 5 summarises the main findings of this PhD research project and suggests the 
future possible direction for further research.  
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Chapter 2 
2 Literature Review 
 
This literature review covers three major aspects of the Ph.D research project including 
graphene and its properties, synthesis methods and graphene applications. The 
following subsections describe the journey in the literature from the originating ideas to 
the current understanding of each area. 
2.1 Graphene and its Properties 
 
More than 75 years ago before the discovery of graphene, Landau and Peierls argued 
that two dimensional(2D) crystals are thermodynamically unstable and cannot exist[6, 
7]. In fact, the melting temperature of a thin film rapidly decreases with decreasing 
thickness and the film becomes unstable at a thickness of, typically, dozens of atomic 
layers[8]. However, it was known that a monolayer of graphite can be epitaxially grown 
on top of monocrystals with matching surface structure [9]. In 2004, Andrea Geim and 
Konstantin Novoselov found a very simple way to peel free standing atomic crystals of 
graphene[2] from graphite; their revolutionary discovery opened the possibility to 
unveil and measure its unique properties; for this pioneering work they were awarded 
the Nobel Prize in 2010. After graphene also Boron Nitride and Bismuth Strontium 
Calcium Copper Oxide (BSCCO) [10] have been synthesised, followed by other two 
dimensional crystals, like Ni3(2,3,6,7,10,11-hexaiminotriphenylene)2[11], 
Germanene[12, 13], Carbon and Titanium Nitrides[14], Dichalchogenides[15] and 
Silicene[16, 17]. 
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2.1.1 Crystal Structure of Graphene 
 
Graphene is a single planar layer of sp2 bonded carbon atoms, packed in a honeycomb 
lattice structure with a carbon-carbon distance of 0.142nm[8], although the term 
graphene is commonly used also for few layer graphene (up to 10 layers) crystals[8]. It 
is the basic building block of other important allotropes because it can be stacked to 
form 3D - graphite, rolled to form 1D - nanotubes and wrapped to form 0D – 
fullerenes[8] as shown in Figure 1.  
 
Figure 1: Different forms of graphene (a) stacked to form graphite (b) rolled to form nanotube (c) 
fullerene/Bucky ball [8] 
 
The outstanding properties of graphene include a zero electronic band gap, a Dirac-like 
particle electron behaviour, anomalous Quantum Hall Effect (QHE), high carrier 
mobility, ballistic electronic transport, high elasticity and high electrical 
conductivity[18]. 
2.1.2 The Band Structure of Graphene 
Graphene lattice has two atoms A and B per unit cell and can be conceptualized as two 
interpenetrating triangular lattices. The pz orbitals from the carbon atoms hybridize to form  
and * bands, crossing at the K and K’ points and producing a gapless spectrum with linear 
6 
 
dispersion relation around the so-called Dirac points, where it is situated the Fermi level.  
In fact the spectrum closely resembles the Dirac spectrum for massless fermions[19], 
making graphene very attractive for high-speed electronics. In three dimensions the 
band structure is characterised by six double cones[18] around these K and K’ points. 
Figure 2c depicts the graphene band structure around one of these points compared to 
the E-k relation for various fermions. 
 
Figure 2: Electronic band structure of graphene (C) compared to other 2D band structures[18] 
 
The essential feature of the Dirac spectrum, following from the basic principles of 
quantum mechanics and relativity theory, is the existence of antiparticles. For Dirac 
particles with mass m, there is a gap between the minimal electron energy, E0 =mc2 (c is 
the velocity of light) and the maximal positron energy,-E0. The dispersion relation is 
quadratic around p=ћk=0, but for energy E >>E0, the energy is linearly dependent on the 
wave vector k, E =cћk. For massless Dirac fermions, the gap is zero and this linear 
dispersion law holds at any energy. In graphene the cosine-like energy bands associated 
with the two sub lattices intersect at zero E, near the edges of the Brillouin zone. Since 
the effective masses are given by the curvature of the energy bands, by approximating 
the cosine function to the first order for |E| < 1 eV, a zero effective mass[8] is obtained, 
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giving rise to conical section of the energy spectrum. Experimentally in fact graphene 
exhibits electronic properties that are distinctive for a 2D gas of particles described by 
the Dirac equation, rather than by the Schrödinger equation[20]. 
 
The understanding of electronic structure of graphene started with the theoretical 
calculation performed by Wallace in 1947[1]. To obtain a first approximation he 
neglected the interactions between planes of graphite and assumed that conduction 
takes place only in the layers. He then proceeded, using the tight binding approximation, 
to determine the energy across the first Brillouin zone (the primitive cell of the 
reciprocal lattice). Subsequently, he calculated the number of free electrons per atom to 
be 2.3 × 10−4 and determined an equation to find the conductivity of a single hexagonal 
layer[1]. Trickey et al also calculated the energy band diagram of a single layer and 
bilayers of graphene [21]. They focused on interlayer spacing of bilayers and showed 
that it differs very little from AB-stacked graphite. However, the calculation was unable 
to give any conclusive evidence whether bilayer graphene is a zero gap semiconductor 
or a semimetal. In 2006 Partoens et al resolved this issue by using a tight-binding 
approach [22]. Theoretically they concluded that graphene is a zero gap semiconductor 
which shows a linear photon-like spectrum around the Fermi energy at K point. The 
system of two layers is a semi-metal with a very small overlap and a crossing of the 
bands only along one direction in the Brillouin zone. Crystals made of three or more 
layer of graphene are all semimetal [22]. 
 
Monolayer and bilayer graphene are zero-gap semiconductors with one type of hole and 
one type of electron[8]. For three or more layers, the electronic spectra are complicated 
as several charge carriers appear and the conduction and valence bands start to overlap 
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[2, 22, 23].In Figure 3, the band structure of graphene layers along ΜΓKM is shown for 
single, two and three layers of graphene. 
 
Figure 3: The band structure of graphene layers along 𝚳𝚪𝐊𝐌. (a) single layer graphene and (b) 
two layers of graphene. The inset is an enlargement of the region indicated by square around K 
point for both (a, b). (c) Three layers of graphene (d) an enlarged view of the region around the K 
point of (c). 
 
The electrical conductivity of intrinsic graphene is quite low because the density of 
states of the material is zero at the Dirac point. The Fermi level can be altered by 
chemical doping or by applying an electric field, so that the material becomes either n-
doped or p-doped depending on the polarity of the applied field[24]. The electrical 
conductivity of doped graphene is potentially quite high at room temperature, maybe 
higher than that of copper[18].  
 
2.1.3 Properties of Graphene 
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Graphene is only one atom thick and it is practically transparent. In the optical region it 
absorbs πα = 2.3% of incident white light[25], where α=e
2
ℏc⁄  is the fine structure 
constant, which is also responsible for graphene unique electronic structure. The 
Quantum Hall Effect (QHE) is another sign of its exceptional electronic quality. In fact it 
has been shown experimentally that the QHE in graphene is bigger than the usual QHE 
[26, 27]. In addition, graphene has the following characteristics: 
 
 The electron mobility of graphene at room temperature is 2.5 ×
105𝑐𝑚2𝑉−1𝑠−1[28]. 
 It has the properties of a good metal, although its electronic properties do not fit 
the standard theory of a metal, because electrons propagates like mass less Dirac 
particles [29]. 
 It is also resistant to the introduction of extrinsic impurities because its chemical 
bonding is very specific. For this reason it conducts electricity better with less 
energy loss than silicon[8]. Therefore, it can be a platform for advanced 
electronics. 
 The breaking strength of graphene is 42Nm-1. It represents the intrinsic strength 
of a defect free sheet. For example: steel has breaking strength in the range of 
0.25-1.2 × 109Nm-2. For a hypothetical steel film of the same thickness as 
graphene, this would give a 2D breaking strength of 0.084-0.40Nm-1. Thus, 
graphene is more than 100 times stronger than the strongest steel[18]. 
 It is one of the softest material ever measured and the only example of metallic 
(or better semiconducting) membrane. Graphene tight structure is highly 
impermeable to standard gases including helium. It is the world's thinnest 
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balloon providing a unique separation barrier between two distinct regions. Due 
to this property, it can be used as ultrasensitive chemical nano-resonator[30]. 
 It is also one of the strongest materials in terms of Young's modulus and elastic 
stiffness [31]. 
2.2 Applications of Graphene 
 
Due to the above mentioned unique properties, it is not surprising that a lot of high 
technology industries are keen to develop graphene-based devices. Some of the 
graphene potential applications include high frequency transistors, reversible hydrogen 
storage, lithium ion batteries [32], supercapacitors [33], silicon electronics, sensors [34, 
35], energy storage devices, biotechnology [36], transparent electrode in solar cells 
[37]. The market of graphene is essentially driven by progress in the production of a 
material with properties appropriate for the specific application. Table-1 summarises 
the growth methods and related applications [3].  
 
Table 1: Properties of graphene obtained by different methods and its application [3] 
Method Crystallite size Sample size (mm) 
Charge carrier 
mobility(at ambient 
temperature) (cm2 V-
1s-1) 
Applications 
Mechanical 
exfoliation 
>1000 >1 >2×105 and > 106(at 
low temperature) 
Research 
Chemical 
exfoliation 
≤0.1 Infinite as a layer of 
overlapping flakes 
100 (for a layer of 
overlapping flakes) 
Coatings, paint/ink, 
composites, transparent 
conductive layers, energy 
storage, bio applications. 
Chemical 
exfoliation via 
graphene 
oxide 
~100 Infinite as a layer of 
overlapping flakes 
1(for a layer of 
overlapping flakes) 
Coatings, paint/ink, 
composites, transparent 
conductive layers, energy 
storage, bio applications. 
CVD 1000 ~1000 10000 Photonics, nano electronics, 
transparent conductive 
layers, sensors, bio 
application 
SiC 50 100 10,000 High frequency transistors 
and other electronics 
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It is unlikely that graphene will be used in high performance integrated logic circuits as 
a planar channel material within the next decade, because of the absence of a band gap. 
However, many other electronics applications with less stringent requirements are 
being developed. 
 
2.3 Graphene Synthesis Methods 
 
To date, several techniques have been developed and used to produce graphene in 
sizeable quantities. The most common techniques include micromechanical exfoliation 
of highly oriented pyrolytic graphite (HOPG) [19], chemical vapour deposition 
(CVD)[38], chemical reduction of graphite oxide (GO)[39], carbon nanotube (CNT) 
unzipping[40, 41], and epitaxial growth on SiC[42]. In this section, a brief explanation of 
the first four growth methods will be presented, while the last method will be discussed 
in detail, as it is at the basis of this PhD research.  
2.3.1 Micromechanical Exfoliation of HOPG 
 
The Nobel Prize in Physics for 2010 was awarded to Andre Geim and Konstantin 
Novoselov at the University of Manchester for producing 2D graphene using a simple, 
low-budget method of micromechanical cleavage [43]. In this method, the bulk graphite 
is exfoliated into individual planes by using scotch tape and then it can be pressed onto 
a substrate of choice[43]. Graphite is a layered material and can be considered as a stack 
of individual graphene layers. In order to exfoliate a single sheet, Van der Waals 
attraction between the first and second layer must be overcome without disturbing any 
subsequent sheets[44]. Via this amazing simple procedure, high quality graphene 
crystallites can be produced. The key reason to choose this method is that firstly, high 
12 
 
quality graphene typically requires growth temperature of above 3000 K, while the 
exfoliation can be done at room temperature[43]. Secondly, it only requires scotch tape, 
HOPG, an optical microscope and a Si/SiO2 substrate. To observe the graphene film by 
an optical microscope, a specific thickness of SiO2 of the Si substrate is required. For 
example, a 5% difference in the SiO2 thickness (315nm instead of the current standard 
300nm) can make single layer graphene completely invisible [8]. Besides, graphene 
cannot be visualised on all types of substrates. The preferred substrates are Si, SiO2 and 
Ni, providing an optical contrast with respect to substrates up to 15% for same 
wavelengths [44]. Exfoliated graphene flakes have been invaluable for the study and 
elucidation of graphene properties. However, they are available at a size of several 
microns, they have irregular shapes and their azimuthal orientation is not 
deterministically controlled. Instead wafer size graphene is essential for electronic 
applications [45]. 
2.3.2 Chemical Vapour Deposition (CVD) 
 
CVD is commonly used to produce high purity solid materials and thin films for 
semiconductor industry, in particular, micro-fabrication processes which widely use 
CVD technique to deposit different materials (such as silicon, silicon dioxide, silicon-
germanium, gallium arsenide, etc.) in different forms including: mono-crystalline, poly-
crystalline, amorphous, and epitaxial. This technique is also used to produce synthetic 
diamonds and carbon nanotubes. In a typical CVD process, a substrate is exposed to one 
or more volatile precursors, which react and decompose on the substrate surface to 
produce the desired film. Frequently, volatile by-products are also produced, which are 
removed by gas flow through the reaction chamber. CVD has been used recently to 
obtain high quality graphene sheets[46, 47]. Sheet resistance of 280/sq (80% 
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transparent) and 770/sq (90% transparent) have been reported for graphene 
synthesised on Ni films by CVD, while a sheet resistance of 350/sq (90% transparent) 
has been reported for the CVD grown graphene on Cu films. These results represent a 
good advance for the production of graphene as transparent conductive films [48]. 
Graphene has also been grown on Ir(111) by low pressure CVD[49]. 
 
CVD can produce large area graphene[50] but it requires a purification process to 
eliminate the catalyst particles and to obtain a perfectly clean graphene sheet. 
Moreover, the electrical properties of CVD grown graphene cannot be tested on a 
conductive metal substrate. Thus a process to transfer graphene on an appropriate 
insulating substrate has been developed[47, 51]. The transfer process often affects 
negatively graphene’s integrity, properties and performance. Wrinkle formation, 
impurities, graphene tearing and other structural defects can occur during the transfer, 
as well as residual of the polymer used to detach graphene from the substrate. 
2.3.3 Chemical Reduction of Graphene Oxide (GO) 
 
In this method, the graphene is synthesised by chemical reduction of graphene oxide 
(GO), which can be prepared using Hummer’s method [52]. First, sonication of graphite 
is needed to make the graphene oxide [39]. The mixture of de-ionized (DI) water and 
graphite powder should be sonicated until it becomes clear with no visible particulate 
matter. Afterwards the solution is exposed to hydrazine hydrate while it is heated in an 
oil bath at 100°C under a water cooled condenser for 24h over in which the reduced GO 
gradually precipitated out as a black solid[53]. Hydrazine is a toxic and unstable 
compound and introduces extra nitrogen functional groups on graphene surface, which 
affect graphene properties[54, 55]. 
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2.3.4 Carbon Nanotubes (CNT) Unzipping 
 
Graphene can also be produced by unzipping of Single/Multi Wall Carbon Nano Tubes 
(SWNT/MWCNT)[Figure 4].In this method, SWNTs are suspended in concentrated 
sulphuric acid (H2SO4) solution for 1- 12 h. Then, potassium permanganate (KMnO4) is 
added to the solution and stirred at room temperature for 1h. Afterwards, the mixture is 
heated at 55-60°C in an oil bath for one additional hour. Once all the KMnO4 is 
consumed, the reaction mixture is quenched by pouring it over ice containing a small 
amount of hydrogen peroxide (H2O2). The solution is then filtered using a 
polytetrafluoroethylene (PTFE) membrane and the remaining solid is washed with 
acidic water followed by ethanol/ether[39]. 
 
Figure 4: Representation of the gradual unzipping of single wall CNT to form a graphene 
nanoribbon [40] 
 
In case of MWCNT, the reduction of nanoribbons to produce a graphene sheet can be 
done by treating the water solution with 1 vol% concentrated ammonium hydroxide 
(NH4O4) and 1 vol% hydrazine monohydrate (N2H4.H2O) [40] or by sonication or 
treating with zinc and hydrochloric acid. By unzipping the CNTs, long strips of graphene 
nano ribbons can be made, which are very useful for electronic applications [41]. The 
process of CNT unzipping requires H2O2, KMnO4 and polytetrafluoroethylene which are 
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respectively a strong oxidiser, a strong oxidising agent and a polymer. Therefore, this 
method is not suitable in terms of environment, human health and safety. 
2.3.5 Epitaxial Growth on SiC 
 
The successful development of graphene based nanoelectronics and sensors can be 
possible by the availability of high quality and large area graphene. In this regard, each 
of the methods explained in the previous sections has its own limitation. The 
micromechanical cleavage offers no control over the number of layers and is not 
suitable for large-scale production. The CVD method can produce large area graphene, 
but it requires a purification process to eliminate the catalyst particles and the transfer 
of graphene to another substrate. Chemical reduction of GO and CNT unzipping requires 
chemicals, which can affect graphene properties. When it comes to high-end 
applications, where mobility maximisation and uniformity is required at the wafer scale, 
techniques that may produce graphene with a unique azimuthal orientation over a 
whole wafer are required. The epitaxial growth on SiC substrates is the most reliable 
technique in this respect. However, despite the progress, graphene is not yet 
competitive with Si technology. Digital operation requires the presence of a band gap 
but graphene is a zero band gap semiconductor. While several methods have been 
proposed (patterning of nano-ribbons, or functionalisation and chemical doping), a 
significant and controllable gap is yet to be demonstrated. On the other hand, analogue 
electronics do not require a band gap and there has been progress towards high 
frequency applications: graphene devices operating at 427 GHz have been 
demonstrated [56], and there is, in principle, no limitation for THz operation on a 
scalable platform such as epitaxial graphene on SiC. 
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SiC is a semiconducting material with a wide band gap (Eg ≥ 2.4eV)[57], which makes it 
suitable for high temperature applications. It is also a common material used for high 
power electronics. It can be used for two kinds of electronics, analogue and digital. For 
digital electronics (switches), the essential feature is the band gap, which controls the 
on-off ratio. Researchers are working in this area to induce a band gap by growing 
graphene on SiC, by the use of doping or by geometrically confining graphene into 
nanoribbons [58]and quantum dots [59]. This process might take a decade to be 
available commercially; presently the focus is towards flexible (more compact and 
efficient circuit) and analogue electronics that could improve telecommunications and 
mobile data streaming [60]. 
2.3.5.1 SiC crystal structures and polytypes 
 
The basic units of SiC are tetrahedrons with a C (Si) atom at the centre, surrounded by 
four Si(C) atoms covalently bonded as shown in Figure 5. These units are periodically 
repeated in closed packed hexagonal layers, whose stacking sequences give origin to 
different polytypes. Though their long range order is different, the polytypes show 
similar local chemical environments for carbon and silicon; in particular each C (Si) 
atom is situated above the centre of a triangle of Si(C) atoms and underneath a Si(C) 
atom belonging to the next layer in a tetrahedral co-ordination. More than 200 different 
SiC polytypes have been determined, labelled according to a notation due to 
Ramsdell[42]. In this notation, the number of layers in the stacking direction, before the 
sequence is repeated, is combined with the letter representing the Bravais lattice type 
including cubic (C), Hexagonal (H) or rhombohedral (R), like 2H, 4H, 6H, 3C, 15R and 
many more. 
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Figure 5: Tetrahedral structure of Si and C atom in SiC 
 
 
Figure 6: schematic representation of the stacking sequence of hexagonal SiC bilayers for 2H, 3C, 
4H and 6H polytypes [61] 
 
From Figure 6 and Figure 7, if the first Si-C bilayer is labelled as A, the next bilayer that 
can be placed according to a closed packed structure could be B or C. The different 
polytypes are constructed by permutations of these three positions. In 6H, 4H and 2H; H 
represents the hexagonal structure of SiC and the number represents a stacking 
sequence. For example, in 3C-SiC (β-SiC or the cubic polytype) the number 3 represents 
the stacking sequence ABCABC along the [111] directions, which is a typical of a zinc 
blende crystal structure. In a zincblende structure, all bilayers are stacked in the same 
orientation resulting in the 3C, the only cubic polytype. In a Wurtzite crystal structure, 
consecutive bilayers have opposite orientation. The respective hexagonal polytype is 
labelled as 2H in Figure 6 and Figure 7. 
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Figure 7: Stacking of bilayers in a cross-sectional projection parallel to the (1120) plane for the 6H 
and the (121) plane for the 3C structure. Linear stacking is present in the cubic (3C) polytype (β-
SiC). The 6H unit cell contains six bilayers with sequences of three linearly stacked bilayers 
followed by an orientation change. Three different stacking sequences can be found on the surface 
which are labelled according to the depth of the orientation change (S1=CACBABC, S2=BCACBAB 
and S3=ABCACBA). Each termination can be present in two orientations rotated by 60° against 
each other, thus accounting for the sixfold LEED pattern[42]. 
 
The distance between neighbouring silicon or carbon atom is approximately 3.08 Å, 
while the distance between the C atom to each of the Si atoms (Si-C bond length) is 
roughly equal to 1.89 Å for all polytypes. Each Si and C bilayer height is ≈ 2.5 Å, so 
4HSiC, with four bilayers, has unit cell height of ≈ 1nm and 6H SiC has ≈ 1.5nm. 6H SiC is 
intuitively attractive because approximately three Si-C bilayers are required to provide 
carbon for one graphene sheet[62, 63]. 
 
2.3.5.2 Thermal Graphitisation of the SiC Surface 
 
The formation of graphite by UHV annealing of SiC surface has been studied many years 
before the discovery of graphene[4, 64]. The graphitisation of hexagonal SiC crystals 
during annealing at high temperatures in vacuum was reported by Badami in 1961 [65]. 
Van Bommel [66] investigated the graphitisation of SiC(0001) in 1975 by Low Energy 
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Electron Diffraction (LEED). However, none of these experiments provided evidence of 
two-dimensional crystals.  
 
The thermal graphitisation of bulk SiC(0001) involves heating the sample to 
temperatures between 1200 and 1600 ˚C, resulting in the thermal decomposition of the 
surface [67]. At these temperatures, the silicon sublimates from the surface, while the 
remaining carbon atoms undergo diffusion and nucleation to form the graphene sheets. 
Pioneering work on the production of graphene from bulk 6H and 4H SiC has been done 
by P. Sutter, Emtsev, de Heer and Ouerghi [68-71]. The annealing of bulk SiC (6H/4H) 
can be performed in an argon (Ar) atmosphere or in a UHV chamber. In Ar atmosphere, 
the temperature for graphene growth is quite high in comparison to the growth in UHV. 
The Ar pressure on the surface produces a decrease in the Si sublimation rate, and 
therefore a controlled number of graphene layers is easily obtained. In UHV the growth 
rate is quite high, as without a counteracting pressure it is easy for Si to break the bonds 
and sublimate resulting often in an uncontrolled growth of a large number of graphene 
layers. 
Emtsev et al compared these two growth processes[69]. Before the final annealing to 
obtain graphene they used hydrogen etching on the substrates in order to remove any 
kind of polishing damage from the surface. This method produces highly uniform flat 
surface with wide steps, which is beneficial for graphene growth. They showed that the 
graphene layer grown on bulk SiC in Ar atmosphere is composed of larger crystals and 
the film quality is improved compared to the graphene grown in UHV. De Heer et al 
suggested a method called controlled confinement sublimation (CCS), by enclosing the 
SiC in a small quartz vessel [72]. They used as well hydrogen etching to remove the 
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polishing damage before the growth, and compared the growth process and quality of 
graphene between UHV and CCS methods. They concluded that the graphene layers 
produced by the CCS method are defect free and they were able to produce a uniform 
monolayer on both polar faces. The key of the CCS method is the control of the silicon 
vapour density, which assures a near thermodynamic equilibrium, essential for a 
uniform growth. In addition, it allows good control of the graphitisation temperature, 
which is important to control the graphene growth. Later on, Ouerghi et al. [71] found 
that off axis 6H SiC (0001) can provide high quality graphene over a large area, by 
exploiting the step bunching effect. Graphene starts growing on the steps and slowly 
grows on the terraces bunching slow down the formation of a continuous graphene 
layer , but it provides a way to control the number of layers. They used 3.5 ̊ off towards 
(11-20) and exposed the sample to a N2 partial pressure of 𝑃 = 2 × 10−5Torr and Si 
deposition rate of 1 monolayer (ML)/min during the graphene growth, trying to 
reproduce conditions similar to the graphene growth in Ar. Because of the background 
pressure of N2 and Si deposition, Si atoms from the SiC substrate could not sublimate 
quickly as it would be expected in UHV, producing uniform mono or bi-layer graphene.  
Graphene can be grown on the C terminated or Si terminated face of SiC. There is no 
agreement in the literature about the best choice of termination for graphene growth. 
During the high temperature annealing, the SiC surface undergoes several 
reconstructions before graphene formation, depending on the annealing temperature 
and on the specific face. On the Si-face the SiC goes through (3 × 3), (√3 × √3)𝑅30°, 
(6√3 × 6√3)𝑅30° (interface layer between SiC and graphene) and finally (1 ×
1)graphene[63, 73-76]. On C-face the(6√3 × 6√3) R30 ̊ is not observed. The sequence 
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of reconstructions is (2 × 2)𝑆𝑖,(3 × 3),(2 × 2)𝑐  and(1 × 1) graphene [63, 73, 74, 76-78]. 
A few papers claim about the presence of(√3 × √3)𝑅30° on the C-face of SiC [79].  
The electronic properties of graphene depend on the surface termination of SiC. On Si 
terminated face an interface layer which has sp3 configuration is present and the atoms 
in this plane form strong covalent bonds with the SiC substrate. Therefore, graphene is 
strongly bonded to the substrate due to the charge transfer from the interface 
layer(buffer layer) to the graphene layers, which results in a doping effect [62, 79]. 
Graphene on the C-face is less bound to the SiC substrate, it has been found by 
experimental and theoretical work [77, 78]that graphene on a(3 × 3)structure is less 
bound to substrate in comparison to(6√3 × 6√3).Research has shown that the C 
terminated face of the polar SiC (000-1) supports graphene growth without altering its 
electronic properties or with a negligible amount of interaction in comparison with Si-
terminated face [4, 80]. In addition, on the C-face epitaxial graphene grows with a 
certain rotational disorder where adjacent layers are rotated relative to each other. 
Stacking faults decouple adjacent graphene sheets so that their band structure is nearly 
identical to the isolated graphene. In fact the Dirac dispersion at the K-point is 
preserved even though the film is composed of many graphene sheets[81].In the case of 
SiC (0001)/Si surface, the graphitisation process is slow, and the number of graphene 
layers (usually one or two)can be controlled more easily. Unfortunately the resulting 
electron mobility turns out to be rather low, so the Si terminated surface is not suited to 
the fabrication of samples used in transport measurements. For the C terminated (000-
1) surface the graphitisation process is very fast, and a large number of graphene layers 
can be formed quickly (up to 100). However, in this case the electron mobility is rather 
high[72].  
22 
 
Althoughthe graphene layer produced by bulk SiC annealing presents interesting 
electrical properties[81, 82],SiC is expensive as compared to the standard Si substrate. 
For this reason, large industrial-scale fabrication and mass production of graphene will 
not be possible using bulk SiC. 
To address this issue, heteroepitaxial growth of cubic polytype (3C) SiC on silicon 
substrates has been proposed[83]. The high quality growth of 3C SiC/Si is challenging in 
terms of continuity, film thickness uniformity and defects density arising from lattice 
and thermal mismatch of Si and SiC[84]. Large efforts have been made to improve these 
aspects and a smooth and uniform 3C SiC/Si surface over large areas has been achieved 
recently[84, 85].The proposed heteroepitaxial layers of 3C SiC on Si for the synthesis of 
epitaxial graphene are (111), (100), (110) and (001)[86-93]. Among these orientations, 
the (111) is preferred over(110) and (100), however only few papers have been 
published about the growth of graphene. The surface atomic arrangement of 3C SiC 
(100) is made of square centred units, but is affected by anti-phase boundaries (APD). 
So the growth of graphene on this type of substrate results in two or multi crystalline 
orientations[94]. The 3C SiC (111) surface is hexagonal like 6H and 4H SiC[95] and it is 
free from APD boundaries.Therefore,3C SiC (111) is believed more suitable for the 
growth of graphene in comparison to the 3C SiC (100). However recently good quality 
graphene has been obtained on off axis 3C SiC (100) [94]. One important fact related to 
3C SiC (100) substrates is that the graphene growth on this polytype does not form 
terraces as the 3C SiC (111)/6H/4H SiC. This might an advantage for the continuity of 
graphene layers but a high level of defects could be present due to the APD. In this Ph.D 
research project I concentrated my studies on the 3C SiC (111)/ Si (111), attempting 
only few experiments on 3C SiC (100) substrates.  
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The 3C SiC (111)/Si (111) has also two polar faces like 6H and 4H [96, 97]. Little 
attention has been given to the C-face while the Si-face has been studied comparably 
well. A clear picture of C-face of 3C SiC (111) has been reported recently by Darakchieva 
et al [96]who claimed the absence of (6√3 × 6√3) 𝑅30° by LEED like in the C- 
terminated face of 6H and 4H SiC. The epitaxial growth of graphene on the Si terminated 
face of 3C SiC (111) is quite similar to that of Si-terminated 6H SiC (0001)[97, 98]as the 
surface structure of both surfaces are similar. In particular, the top four layers of 6H 
SiC(0001) are identical to those of 3C SiC (111) (Figure 8)[90]. 
 
 
Figure 8: Crystallographic surface structure of 3C SiC (111) (left) and 6H SIC (0001) (right) 
 
The advantages of growing 3C SiC (111) on Si (111) are threefold. First of all, the Si 
substrate is cheaper and available in substantially larger areas than the commercial SiC 
wafers, and fully compatible with the current Si processing techniques, making 
graphene technology more attractive from an industrial point of view. 3C SiC, a cubic 
polytype, is available as an epitaxial layer on silicon wafers and could facilitate 
integration of graphene electronics with silicon CMOS technology. 
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Second, the graphitisation of 3C SiC epilayers has been shown to produce ultra-thin 
carbon sheets like monolayer, bilayer or multilayer graphene [4, 99] on SiC/Si without 
the difficulty of transferring the material to an insulating substrate [69]. Third, the 
graphitisation on the surface of 3C SiC (111) proceeds in a similar manner to that on the 
hexagonal bulk SiC crystals [90, 100]. 
 
2.3.5.3 Epitaxial Graphene Growth on 3CSiC (111)/Si(111) 
 
There are only a few groups who have studied the EG growth on the 3C SiC (111)/ Si 
(111) substrates. Suemitsu et al from Japan[91] and Ouerghi et al from France[97]are 
the most active investigators. The study of graphene on Si-terminated 3C SiC (111)/Si 
(111) was started by Ouerghi in 2010[97]. He and his group published three papers in 
the same year [97, 99, 101]by using UHV high temperature annealing, explaining the 
different reconstructions which occur at increasing temperatures[86, 99].They studied 
the growth, structure and electronic properties of the resulting graphene via STM, XPS, 
Raman spectroscopy, Angle Resolved Photoemission Spectroscopy (ARPES) and LEED 
techniques. It is worth to mention that they used a 600nm thick 3C SiC (111) layer 
grown on Si (111) substrates in order to prevent stress induced cracks at the surface. 
To produce graphene the SiC/Si substrates were first degassed for several hours at 
600°𝐶under UHV conditions and then annealed under a low (0.1nm/min) Si flux at 
900°𝐶 to remove the native oxide. This step was followed by annealing of the substrates 
at different temperatures ranging from 900°𝐶 to 1300°𝐶 and the chemical environment 
variations were tracked by XPS at each temperature (Figure 9a). With the increase of 
temperature, the graphene peak undergoes a shift, and its intensity (C-C) increases, as 
evidenced by the peak fitting (Figure 9b). In LEED, initially(3 × 3)and (√3 × √3)𝑅30° 
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diffraction patterns were observed by annealing the sample in a flux of Si at 900°𝐶 and 
1050°𝐶respectively. The diffraction patterns of these phase reconstructions were 
attributed to a Si rich surface [81]. Between 1100°𝐶 and 1200°𝐶, a(6√3 × 6√3)𝑅30° 
surface reconstruction began to develop. Annealing of the substrates between 1250°𝐶 
and1300°𝐶 resulted in the formation of few graphene layers [97]. The atomic structure 
of monolayer graphene was imaged by STM on a relatively large area (27 × 15)𝑛𝑚2. 
 
 
Figure 9: (a) C 1s XPS spectra of fully grown graphene on 3C SiC (111) for different temperatures. 
(b) XPS spectra of the C 1s core level for graphene with a Doniach-Sunjic line shape analysis (red 
line)[97]. 
 
In another experiment the same group[86] tried the growth on an unpolished of 3C SiC 
(111)/Si (111) surface with roughness of 0.5nm. The EG was prepared in UHV at a 
pressure of 2 × 10-10Torr. The degassing of the substrate was performed at 650 ̊C in 
UHV. The native oxide was removed with a Si flux of 0.5ML/min at 700 ̊C. Annealing at 
800 ̊C for 15 mins under Si flux resulted in the formation of a (3×3) surface 
reconstruction, a Si rich phase. After 900 ̊C annealing for 5 mins, a formation of a (6×6) 
reconstructed surface was obtained and assigned to a Si rich surface. A (√3×√3) R30 ̊ 
(only 1/3 monolayer Si atom remains on the surface) super structure was obtained by 
annealing at 1050 ̊C. A mixture of (√3×√3) R30 ̊ and (6√3×6√3) R30 ̊surface was 
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produced upon annealing at 1100 ̊C. At 1200 ̊C, the formation of a complete (6√3×6√3) 
R30 ̊ super structure was observed. Graphene (C termination) and few layers of 
graphene were obtained by annealing the sample at 1250 ̊C and 1300 ̊C for 10 mins. 
Figure 10 shows the LEED patterns related to this temperature. The continuity of 
graphene layers assessed by STM is shown in Figure 11.I concluded that the successive 
surface reconstruction steps observed during the thermal treatment of the 3C SiC 
(111)/Si(111) are similar to those observed on the Si terminated 6H or 4HSiC(0001) 
substrates. 
 
 
 
Figure 10: LEED Patterns of differently reconstructed of 3C SiC (111) obtained by increasing the 
annealing temperature without Si flux (a) (3×3) phase after annealing at 800 ̊C, (b) (6×6) phase 
after annealed at 900 ̊C, (c) (√3×√3) R30 ̊phase after annealed at 1050 ̊C(d)(√3×√3) 
R30 ̊(6√3×6√3) R30 ̊ after annealed at 1100 ̊C(e) (6√3×6√3) R30 ̊after annealed at 1200 ̊C and (f) 
epitaxial graphene layer after annealed at 1250 ̊C[86]. 
27 
 
 
Figure 11: STM micrographs of graphene of graphene/ 3C SiC (111) epilayers; (a) STM images 
(150×150) nm2 (-2V, 0.2nA), (b) STM images (50×50)nm2 (-2V, 0.2nA). (c) Honeycomb type 
structures (5×5)nm2 (-45mV, 0.2nA) and (d) triangular type structures (5×5)nm2 (-25mV, 0.2nA) of 
the surface of graphene/3C SiC (111)[86]. 
 
In another paper [99] they used a 600nm thick 3C SiC (111)/Si (111) as a substrate to 
grow epitaxial graphene. Si flux was used at 900°𝐶 to remove the native oxide followed 
by different temperature annealing for the graphene growth. The continuity of the 
graphene layer was captured via STM and Scanning Tunnelling Electron Microscopy 
(STEM) (Figure 12a and b). Their experimental data revealed that atomic structure of 
monolayer graphene was continuous over the step edges. 
 
 
Figure 12: (a) A (5×5)nm2 images of honey comb structure of graphene (-0.05V,0.1nA), (b) High 
resolution STEM image of three layer graphene and (c) Schematic of atomic structure of STEM 
image show three layer graphene on steps of 3C SiC (111)[99] 
 
The STEM characterisation revealed that graphene appears to be one continuous film 
over the steps (white arrows in Figure 12b). They found this behaviour at many single 
atomic height steps but have not detected double atomic height step of the graphene 
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layer. For this reason they proposed a schematic of atomic structure graphene layer 
(Figure 12c). They suggest that bond breaking may occur more easily at step edges, 
caused by Si-C diffusion or Si desorption giving origin to graphene layers bypassing the 
steps. This ensures the continuity of the top layer from monolayer to bilayer graphene. 
 
The same group also tried the graphene growth on 3C-SiC/ Si (111) via CVD [102] by 
feeding propane in a CVD reactor. They demonstrated that few layer graphene (FLG) on 
3C SiC/Si(111) substrates can be obtained at 1350 ͦC. FLG/3C SiC has been obtained on 
2” Si (111) substrates with a single growth sequence, by adding the propane CVD step to 
the standard 3C SiC heteroepitaxy (no cooling down between 3C-SiC and FLG growth). 
This growth method might be an alternative to obtain FLG with a very simple process at 
a reasonable temperature, but except Michon et al no one else have been reported this 
study so far. 
 
Abe et al[103] also investigated the growth of graphene on 3CSiC(111)/Si(111) in UHV. 
They annealed 3C-SiC thin films, with thickness of ~100nm at 3 different temperatures, 
i.e., 1000˚C for 10s (sample-A), 1200˚C for 60mins (sample-B) and 1300˚C for 30mins 
(sample-C). After annealing, each sample was exposed to a flux of atomic deuterium. 
The reconstructed surface was (√3×√3) R30°, (6√3 × 6√3) R30°, and (1×1) graphene 
for sample A, B and C, respectively. The change in surface epitaxy was monitored by in-
situ temperature programmed desorption using deuterium as a probe (D2- TPD). This 
group compared the epitaxial process of graphene in-situ D2-TPD with ex-situ Raman 
spectroscopies and C 1s core-level spectroscopy. They found that epitaxy of graphene 
on 3CSiC (111)/Si(111) proceeds in a similar manner to that on hexagonal SiC(0001) 
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bulk crystals as Ouerghi group. In this article, the surface termination has not been 
mentioned. 
 
Regarding the different polar faces of 3C SiC (111), the C terminated face has not been 
studied so widely as the Si-face of 3C SiC (111). In some papers, the polar face of the 
substrate has not been mentioned. The C terminated face of 3C SiC (111)/Si (111) did 
not come into the picture until Fukidome et al studied the EG growth on both Si and C-
face of 3C SiC (111)[104]. This group showed how the surface termination of 3C SiC 
(111)/Si affects the stacking, interface structure and electronic properties of graphene 
on 3C SiC. For the Si-face, they used 3C SiC (111)/Si (111) and for the C-face 3C SiC 
(111)/ Si (110) (rotated epitaxy) surface. The epitaxial graphene was grown on both 
surfaces at 1250 ̊C for 30 mins in vacuum. For the 3C SiC (111)/Si (111) surface, LEED 
hexagonal spots were clearly observed, indicating the presence of a Bernal stacked EG 
on 3C SiC (111) similarly to epitaxial graphene on 6H SiC (0001). For the rotated 3C SiC 
(111)/Si (110) thin film, on the other hand, the LEED spots were smeared out and 
formed modulated diffraction rings (Figure 13a and b). This indicates turbostratic 
stacking of EG in the same manner as EG on 6H SiC (000-1). The variation of the 
stacking could be related to the change in the interface structure, i.e., the 
presence/absence of the buffer layer that works as a template for the epitaxy of 
graphene. The peak due the buffer layer was only observed on the 3C SiC (111)/ Si 
(111) by the C1s core level spectra (Figure 13c). Cross sectional transmission electron 
microscopy (XTEM) also did not reveal any evidence of buffer layer on the rotated 3C 
SiC (111)/ Si (110). Instead, a buffer layer was found on the non-rotated 3C SiC (111)/Si 
(111). Additionally, they also found by Raman that the 2D band of EG on rotated surface 
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has single component indicating no split of energy bands while the EG on nonrotated 
surface showed a asymmetric 2D peak indicating an energy bands split (Figure 13e). 
 
 
Figure 13: Characterisation of epitaxial graphene on nonrotated 3C SiC (111)/Si (111) and rotated 
3C SiC (111)/Si (110). (a) LEED pattern of the epitaxial graphene on 3C SiC (111)/SI (111). The 
incident electron energy is 58eV, (b) LEED pattern of the epitaxial graphene on 3C SiC (111)/Si 
(110) using the electron optics of LEEM). The incident energy is 55eV. (c) C 1s core level; spectra of 
the on 3C SiC (111)/Si (111) and 3C SiC (111)/Si (110). The incident photon energy is 650 eV, and 
the energy resolution is < 20 meV, (d) XTEM image of the interface between the epitaxial graphene 
and 3C SiC (111) on Si (110) and (e) Raman spectra of the epitaxial graphene on 3C SiC (111)/Si 
(111) and 3C SiC (111)/Si (110). The laser energy for the excitation is 2.41 eV [104] 
 
Recently Darakchieva et al studied the graphene growth on both polarities of 3C SiC 
(111)[96].Few hundreds microns of 3C SiC layers were grown on 6HSiC (0001) by 
sublimation epitaxy. Epitaxial graphene layers were grown on Si face and C face of 3C 
SiC (111) via high temperature sublimation in Ar atmosphere under optimised 
conditions (the exact temperature, time and the graphene growth details are not 
explained).Figure14 shows LEEM images and LEED pattern of these polar faces. The Si 
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face (Figure 14a) shows uniform coverage of single layer graphene. Presence of bilayer 
graphene is very limited. On the other hand the C-face is non-uniformly covered by 
graphene layers (Figure 14b). 
 
Figure 14: LEEM images from selected sample areas for EG on (a) Si face and (b) C-face 3C SiC (field 
of view 50 µm). Domains with 1, 2 and few monolayer (FML: 3 and 4 monolayers) graphene are 
indicated on the LEEM images. µ-LEED pattern from a SLG (ML) area of the(c) Si face and (d)C-face 
taken at 40 and 44eV, respectively [96] 
 
LEED patterns (Figure 14c) revealed 1×1 diffraction spots associated with the SLG 
surrounded by the (6√3 × 6√3)𝑅30° diffractions spots connected with the SiC surface. 
On C terminated face of 3C SiC (111) (Figure 14d), diffraction spots occurred only due 
to graphene, and no superstructure related to a specific surface reconstruction was 
detected. This indicated a very different interface structure compared to the Si-face EG. 
Their recent studies indicated that the predominant type of defects on the C-face of 3C 
SiC (111) was different from twin boundaries found in Si face of 3C SiC (111). Small 
inclusions occurred on the C-face of 3C SiC (111), each associated with 6H SiC formed 
around a screw dislocation. They demonstrated achievement of ~2×2mm2 
homogeneous area of graphene on the Si-face. But on the C-face, the domains with 
homogeneous thickness are considerably smaller.  
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Yazdi et al recently obtained graphene growth on Si terminated face of 4H, 6H and 3C 
SiC substrate by Si sublimation from SiC in Ar atmosphere at temperature of 
2000 ̊C[98]. The mono crystalline Si terminated 3C SiC (111)(~1.5 µm) substrates were 
grown on on-axis 6H SiC (0001) wafer. They showed that the roughness of the substrate 
also can affect the EG growth. It was found that the 6H polytype shows close quality of 
graphene to that on the 3C SiC (111) polytype because half of the unit cell contains 
three-SiC bilayer. They obtained a large area, over (50×50)µm2, monolayer graphene on 
cubic SiC (111). Additionally, they compared the results of polished and unpolished 
surface of 3C SiC (111) and showed how the roughness of the substrate affects the 
graphene growth. 
 
Figure 15: LEEM images of graphene layers on (a) as grown 3CSiC with ~65% coverage by 2 ML 
graphene (bright area and the rest is 3 ML, some of stacking faults (SF) are shown. (b) Polished 3C-
SiC with ~93% coverage by a ML graphene (bright area) and ~7% of 2 MLs. AFM images of 
graphene on (c) as grown 3C SiC, some of SF are shown; (d) polished 3C-SiC substrate. Histograms 
of step heights for (e) graphene on as grown substrate showing a wide distribution of step heights 
; and (f)graphene on polished substrate. Inset image shows ARPES spectrum of the π band taken at 
the K point[98] 
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Figure 15a and b represents the LEEM images of graphene grown on unpolished and 
polished 3C SiC (111) substrates, respectively. They found that on unpolished substrate, 
it was possible to get 65% coverage of bi layer graphene and the rest areas were 
covered by three-layer graphene. On the polished substrate they achieved 93% 
coverage of ML graphene with bilayer graphene in very few areas. The roughness of the 
substrates was 2 and 0.6nm for unpolished and polished surface respectively. The 
roughness measurements were taken by AFM (Figure 15c and d). The histogram 
represented in Figure 15e also shows that the lower roughness results in less 
pronounced step bunching and consequently in a better quality of the grown graphene. 
So the surface roughness should always be minimised before the growth of graphene. 
The angle resolved photoemission spectroscopy (ARPES) spectrum of the band taken 
at the K point of the graphene Brillouin zone for the polished sample demonstrates a 
perfect linear dependence, characteristic of 1 ML graphene (Figure 15). The sublimation 
rate of 3C SiC is the same over the whole defect free substrate surface as compared to 
other polytypes, resulting in a superior uniformity of the grown graphene layer. An 
important conclusion of their experiment was that single Si-C bilayer steps in the 
beginning of the graphene formation are the controlling factors for the uniformity of Si 
subtraction. 
In a very recent article Suemitsu et al the studied EG growth on 3C SiC (111) with three 
major low index Si surfaces: (111), (100) and (110)[105]. They showed that the defects 
in EG significantly reduced by inserting a4H-AlN interlayer in between 3C SiC (111) and 
Si (111). They claimed that by introducing this layer, a better quality graphene is grown 
which has never reported before. The purpose of 4H-AlN insertion is to provide a lattice 
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matched pseudo substrate for SiC and to suppress out the diffusion from the Si 
substrate during the high temperature graphitisation[105].  
2.4 Summary: 
 
From the literature review, it appears that there are a number of issues related to the 
growth of graphene on 3C SiC/Si(111), which should be pointed out, examined and 
resolved. These are crucial questions, which need to be understood and addressed 
because the large area production, quality and homogeneity are directly related to these 
issues. This knowledge gaps are atomic details of transition, relation between number 
of layers and growth temperature and time, impact of substrate on graphene quality. 
Based on these knowledge gaps my research questions are outlined below. 
 Atomic details of the transition from SiC into graphene 
 Relation between number of graphene layers and temperature 
 How to obtain large area monolayer graphene  
 How to obtain large area bilayer and multilayer graphene 
 Relation between number of graphene layers and annealing time 
 Growth kinetics of Epitaxial Graphene on 3C SiC (111)/Si (111)  
 Optimum thickness of 3C SiC (111)/Si (111) to obtain the best quality graphene 
 Effect of polishing 3C SiC (111) substrates in graphene quality 
The key point is to identify and control how the substrate effects the epitaxial graphene 
uniformity, thickness, layer stacking and carrier mobility properties. Of particular 
interest is to monitor and control the thickness where EG can be composed of a single 
layer graphene few layer graphene or multiple layer graphene. Most of these issues are 
resolved or at the very least addressed and discussed in this Ph.D dissertation. 
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Chapter 3: 
3 Experimental Details 
 
In this chapter, an overview on different experimental techniques used to synthesise 
samples for this work is presented. The whole project is dedicated to the surface science 
study of graphene grown epitaxially on cubic SiC/Si substrates.  
Most of the studies have been performed in a Ultra High Vacuum (UHV) system 
including a Scanning Tunneling Microscope and an X-ray Photoelectron Spectroscopy 
system. When samples are exposed to air, they interact with different gases, which 
usually adsorb on the surface very quickly. Although graphene surface is non reactive, a 
perfect characterisation of the material requires a UHV environment, preventing any 
adsorption of gas on the sample and keeping the surface as clean as possible during the 
characterisation. The UHV environment (typically in the range of 10-11 mbar) still 
contains a minimum amount of water vapour, hydrogen and other gas molecules; 
however, the time to form a monolayer at the surface would take several hours or days, 
depending on the surface, allowing enough time to measure the surface properties in 
ideal conditions. Additionally, UHV allows the use of low-energy electron and ion-based 
experimental techniques without any interference from gas phase scattering. 
In order to obtain a complete characterisation of the material, different microscopic and 
spectroscopic techniques have been used: Scanning Tunnelling Microscopy (STM), 
Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) are used to 
investigate the morphology and arrangement of the atoms at the surface with different 
levels of resolution. Electron spectroscopy techniques, such as X-ray Photoelectron 
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spectroscopy (XPS) and Raman spectroscopy are used to obtain information about the 
chemical structure and electronic state of the material. 
What is the requirement of surface studies? 
Surface science is the study of physical and chemical phenomena that occur at the 
interface of two phases. Most forms of a matter present in solid or liquid phase exhibit a 
surface layer that is different from that of the underlying material. This difference could 
be chemical (composition and/or specification), structural (difference in bond angles or 
bend lengths), or both. How a material is perceived by the outside world thus depends 
on the form of its outer layer (surface). The underlying material is referred to as “bulk”.  
The reasons why the physical properties of a solid or liquid surface may vary from the 
underlying bulk can be subdivided into two categories: 
(a) External force (i.e. Adsorption and/or corrosion of the outer surface). A piece 
of aluminium or Si is an example in which stable oxide (passivation layer) is 
formed on the outer surface that is only a few atomic layers thick (~1nm). 
(b) Internal force (i.e. those relayed through surface free energy). These are 
introduced by the abrupt termination of any long-range atomic structure 
present, and can induce such effects as elemental segregation and structural 
modification (relaxation and/or reconstruction). This also may only influence 
the outer few atomic layers.  
The characterisation of the surface composition and arrangement allow a better 
understanding of the interaction of solids or liquids with their surroundings. This then 
introduces the possibility of modifying the properties as desired.  
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Therefore, the surface is the region that dictates how the solid or liquid interacts with 
its surroundings. A surface can span as little as one atomic layer (0.1 – 0.3nm) to many 
hundreds of atomic layers (100nm or more) depending on the material, its 
environment, and the property of interest.  
Let us consider a human hair, which measures between 50 to 100µm (0.05-0.1mm) in 
diameter. The atoms making up the outer surface are of the order of 0.2nm in diameter. 
This cannot be viewed, even under the most specialised optical microscope (typical 
magnification is up to ~300×). The required magnification of ~30,000,000× (Figure 16) 
can only be reached by using highly specialised microscopes, for instance, STM and 
Transmission Electron Microscopy (TEM). 
 
Figure 16: Pictorial illustration of the cross-section of a strand of human hair at the various 
magnifications listed. Its surface may have been modified to add or remove specific properties—
dryness, oiliness, cleanliness and seen—through, for example, the application of a specific 
shampoo [106]. 
 
To successfully complete this PhD research project, learning how to best use the STM is 
vital. This instrument is equipped with many sample preparation and surface analysis 
techniques—all very useful to the project. Thus, I will provide some general information 
regarding the UHV Omicron STM system in the next section. 
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3.1 Instrumentation 
 
The versatile UHV chamber is divided mainly in three parts (chambers), including: a 
prechamber (fast-entry load lock, FEL), an analysis chamber (main chamber) and a 
variable temperature (VT) chamber. These three chambers are isolated from each other 
by valves. Prechamber pressure and usefulness is described in the next paragraph. The 
base pressures in analysis and VT chamber are 4 × 10−11and 2 × 10−11𝑚𝑏𝑎𝑟, 
respectively, which is equivalent to the atmospheric pressure on the moon. Pressure 
measurement equipment, such as the pirani gauge (working range down to 10-3mbar) 
and the ion gauge (working range down to 10-12mbar), have been installed in the 
system, and their electronics are mounted on a rack with all other electronics required 
to operate the machine. To obtain such a vacuum, four kinds of pumps are used: a rotary 
pump, a turbo pump, two ion getters (for analysis and VT chamber respectively) and 
two titanium (Ti) sublimation pumps. The schematic of these pumps and their pressure 
ranges are shown in Figure 17. The rotary and turbo pump are not always ‘ON’; they are 
only required for sample transfer from the prechamber to the analysis chamber, or for 
roughing vacuum after a full system venting. The ion getter pump, is always running to 
keep the vacuum in the 10-10 range.  
 
Figure 17: Theoretical capacity of pumps ranging from atmospheric to UHV pressure 
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The Ti sublimation pump allows achieving the ultimate vacuum, in the range of 10-11 
mbar. It is usually running at intervals of 32 hours if vacuum is better than 10-10 mbar. 
Higher frequency is required if the pressure is higher. 
A brief description regarding these three chambers is given below, and a photograph of 
the instrument is shown in Figure 18. Here the prechamber is not visible, as it is located 
at the back. To keep the VT chamber as clean as possible, the two chambers (analysis 
and VT) are separated by a gate valve, so that the stored samples and tips will not 
affected by the contaminations while the analysis chamber is in use. Furthermore, 
because of the presence of gate valve, one can save time and get maximum benefits from 
the machine by using both chambers of the system simultaneously without creating any 
disturbance for each other. 
 
 
Figure 18: UHV Omicron system at QUT 
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3.1.1 Prechamber (“FEL”) 
 
The prechamber is the area that introduces the sample from air into the vacuum 
chamber. It is isolated from the main vacuum chamber by a valve. Another valve, 
located under the prechamber (big black knob), keeps the prechamber separate from 
direct contact with atmosphere/pump. This means the pressure inside the prechamber 
is never atmospheric (even if turbo pump is off) until it has been vented. It is difficult to 
keep the pressure of this chamber down when both of the pumps (rotary and turbo) are 
not in operation. The prechamber is equipped with a magnetic transfer arm (with the 
mounting aid for transferring the sample) and a nitrogen (N2) valve for venting. Before 
opening, the prechamber needs to be filled with N2 in order to prevent contamination 
from water vapour contained in the atmosphere. A transfer tool is used to introduce the 
sample into the transfer arm of the prechamber. Once the sample is in and the 
prechamber closed, the angle valve connecting to the turbo can be opened and pumping 
can start. After arriving at the desired pressure (10-7mbar range), the valve between the 
prechamber and the main vacuum chamber can be opened to transfer the sample 
transfer to the Manipulator.  
3.1.2 Analysis Chamber (Main Chamber): 
 
The analysis chamber is equipped with a manipulator; SEM; EFM (enhanced flux 
maintenance) evaporator for Si or other material evaporation; an EFM atomic hydrogen 
etching source; an Ar sputtering gun; a tip preparation tool; X-ray source; and a SPHERA 
detector. An outside and inside view of these parts can be seen in Figure 18 and Figure 
19, respectively.  
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Figure 19: An inside view of the main vacuum chamber and manipulator, including Si evaporator 
(bottom left), H+ gun (top left), X-ray source (centre bottom), electron analyser (centre middle), 
electron microscope (centre top), Ar gun (top right), and tip preparation tool (extreme right). 
 
3.1.2.1 Manipulator 
 
The manipulator is movable with an x-y-z- mechanism and includes electron beam (e-
beam), radiative and direct current heating. The filament for resistive and e-beam 
heating is a conductive-coated Iridium (Ir) filament (0.8±0.2Ω), providing up to 100W 
with a maximum filament current of 2A. Temperature close to the sample position can 
be measured through a thermocouple up to 1370 Kelvin (K). A picture of the 
manipulator during resistive (left) and DC (right) heating is shown in Figure 20. In this 
work, conductive samples were usually heated by DC heating. When the samples 
resistance at room temperature was too high to start DC heating, e-bombardment 
heating is used to promote enough electrons in the conduction band thereby increasing 
its conductivity. Once a sample temperature in the range 250-500 ̊C (depending on the 
sample resistance) is reached, the e-bombardment is switched off and the DC heating 
can be turned on. 
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Figure 20: Resistive (left) and DC (right) heating of a sample in UHV. In resistive heating, the base 
of the sample plate is yellowish-red but in case of DC heating sample itself is yellowish-red. 
 
3.1.2.2 EFM Evaporator (EFM 3) for Si evaporation: 
 
We used EFM evaporators (Omicron) to deposit Si on our SiC samples before the final 
annealing, in order to compensate for excessive Si loss. The evaporant (in our case a Si 
rod) is mounted in the focus of an e-beam system. The bombardment of the electron 
beam induces a temperature rise of the evaporant, which causes evaporation. The 
instrument is designed for high-precision sub monolayer up to multilayer deposition of 
a wide variety of an evaporatants, including high-refractory materials. A picture of EFM 
3 which is used in this research, is given in Figure 21. 
 
Figure 21: EFM 3 Evaporator (used for Si rod evaporation) [107] 
 
A key feature of the EFM is the integrated flux monitor. The flux is measured directly, 
which allows a much more precise rate adjustment and much faster rate of control, 
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allowing to handle the deposition of material precisely. The principle of a flux monitor 
can be summarized like this: “at a given electron beam emission, current and e-beam 
energy, the measured ion flux is directly proportional to the flux of evaporated atoms.” 
3.1.2.3 Atomic Hydrogen Source (EFM H) 
 
The atomic hydrogen source, EFM H, is based on the principle of thermal dissociation of 
hydrogen molecules. The molecular hydrogen is allowed to enter into the hydrogen 
source through a leak valve, and then enters into the vacuum chamber through a heated 
tungsten capillary. The capillary is heated by means of electron bombardment up to 
2600K. At this temperature, negligible numbers of molecules remain undissociated. The 
intensity of the beam thus depends primarily on the mass flow of hydrogen molecules. 
This is based on proven EFM-technology, and can be used for cleaning or etching of 
surfaces with atomic hydrogen, passivation of surfaces, improvement of thin film 
growth, and other applications. A picture of EFM H is given in Figure 22. A lecture size 
(300–460mm long and 25–76mm in diameter) H2 gas bottle is connected to the EFM H 
for supply of H2 gas.  
 
Figure 22: UHV evaporator EFM H [108] 
 
3.1.2.4 Argon Sputtering Source 
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The argon (Ar) sputtering source (NGI3000) is a general-purpose ion gun designed for 
cleaning of surfaces in a high vacuum or UHV environment by means of noble gas ion 
sputtering. The gun employs a noble gas injection system, where the gas to be ionised 
by electron impact ionisation is injected directly into an enclosed ionisation region, 
which houses a filament and grid structure. The ion beam is then accelerated out of the 
ionisation chamber to the target. Due to the noble gas flow design, the pressure in the 
target region is maintained lower than in the ionisation chamber by greater than one 
order of magnitude, assuming a typical pumping speed of 150 l/s is employed in the 
target chamber. 
3.1.2.5 Tip Preparation Tool 
 
In order to remove contamination and oxide from the STM tips, an in-situ tip 
preparation tool is used. For this process, the tip is annealed at high temperature—
above 1000 ̊C—by electron bombardment. A thoriated W filament is used to emit the 
electrons. The tip sits at a short distance (1mm or even less) opposite to the filament, 
and is biased up to 1kV. At the high electric field, the electrons are accelerated to the 
apex of the tip. Due to its shape, the tip is heated by electron bombardment primarily at 
the very front. This process does not sharpen the tip; it only cleans the tip of deposits. 
Our tip preparation tool is shown in Figure 23. 
 
Figure 23: Tip preparation tool 
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3.1.2.6 X-ray Photoelectron Spectroscopy (XPS) 
 
XPS is an essential tool to characterise the thickness and chemical compositions of 
graphene layers. It is otherwise known as Electron Spectroscopy for Chemical Analysis 
(ESCA), which represents the most heavily used of the electron spectroscopies for 
defining the elemental composition and/or specification of the outer 1–10nm of any 
solid substrate.  
Photoelectron production in its simplest form is an ejection of an electron initially 
bound to an atom/ion by a photon. Since photons are a massless (zero rest mass), and 
chargeless package of energy, they are annihilated during photon-electron interaction 
with complete energy transfer to the atomic system. If the energy is sufficient, it will 
result in the emission of the electron from the atom/ion as well as the solid. The kinetic 
energy (K.E.) that remains on the emitted electron is the quantity measured. This is of a 
discrete nature and is a function of the electron binding energy (B.E.), which, in turn, is 
element- and environment-specific [106]. 
Although K.E. is the quantity recorded in XPS, it is the derived binding energy (B.E.) that 
is used to construct the energy spectrum. This is because the K.E. is dependent on the X-
ray energy while the B.E. is not. Values of K.E., B.E., and the initiating photon energy 
(EPh) are related through the following expression: 
𝐾. 𝐸. = 𝐸𝑃ℎ − ∅𝑋𝑃𝑆 − 𝐵. 𝐸.    (1) 
Where ∅𝑋𝑃𝑆 is the work function of the instrument. Two parameters that describe the 
ability of XPS to identify and quantify the elemental composition and specification 
present over the outer 10nm or less of any solid surface, on the assumption that the 
element of interest exists at >0.05% are surface specificity and sensitivity. Surface 
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specificity arises from the limited flight path an electron has within a solid before it 
loses some fraction of its energy. Sensitivity is primarily a function of the photoelectron 
cross-section and spectral background level. The photoelectron cross-section describes 
the yield of electrons produced as a function of the impacting photon energy.  
A schematic example of the photoelectron emission process from oxygen present within 
a silicon wafer bearing a native oxide is shown on the left in Figure 24 (a). 
Photoelectron peaks are described using spectroscopic notations. The right image of 
Figure 24 (a) shows one of the two primary de-excitation processes: the Auger process, 
which follows photoelectron emission. Since the Auger de-excitation also results in 
electron emission, peaks from both photoelectrons and Auger electrons are observed in 
XPS spectra (Figure 24 (b)). 
 
Figure 24: Schematic example of (a) photoelectron process (left) and a subsequent Auger de-
excitation process (right) with the various electronic energy levels (stationary states) portrayed 
using either spectroscopic notations (photoelectron peaks) or X-ray notation (Auger electron 
peaks), (b) XPS spectra collected from a silicon wafer bearing a surface oxide as analysed under 
Mg-Kα irradiation, and (c) the basic components of an XPS instrument along with the data formats 
that can be implemented [106]. 
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In Figure 24 (b), a typical low-resolution spectrum collected from a silicon wafer is 
shown. This is plotted in intensity (I) versus K.E. (the energy the electron emissions 
attain on departing the sample). Generally, the notations used for Auger peaks, called X-
ray notation, and the photoelectron peaks are known as spectroscopic notations, for 
example, O-KLL and 1S, 2P respectively. O-KLL emissions arise from the filling of the K 
level core hole produced on photoelectron emission by an electron from some L level, 
with the energy difference between these two levels carried away in the emission of a 
third electron, also from some L level. The most intense of the peaks actually arises from 
KL2L3 (specific notations) [106]. Notations like 1S and 2P are related to the atomic level 
and symmetry of the excited XPS electron.  
A schematic example of XPS instrumentation is shown in Figure 24 (c), along with the 
three most common means of relaying the data, namely: 
1. Energy distribution of any electron emission falling with-in some predefined 
energy range; 
2. Spatial distribution of specific electron emissions noted across a surface (this 
allows the elemental or speciation distribution to be mapped); and 
3. Depth distributions of specific electron emissions to some predefined depth 
(this can be extended from less than 10nm to several micrometres). 
The analysis is carried out by first collecting energy spectra over all accessible energies 
then concentrating on particular photoelectron signals. This ensures that all elements 
are accounted for during quantification, and that the data is collected in a time-effective 
manner. Detailed information regarding XPS can be found in reference [106]. 
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XPS Specifications: The non-monochromatised XPS source is a double anode (DAR 400, 
Omicron Nanotechnology), delivering Mg Kα (1253.6eV) or Al Kα (1486.6eV) lines 
(300W working power), at 65° to the sample surface. The Mg X-ray source has been 
used throughout this project. Photoelectrons were collected at a take-off angle of 90° 
and analysed via a 125mm hemispherical electron energy analyser (SPHERAII, 7 
channel detector, Omicron Nanotechnology).  Survey scans were taken at analyser pass 
energy of 50 eV and high-resolution scans at 20 eV. The survey scans were typically 
carried out with 0.5 eV steps and a dwell time of 0.2 s; whereas, high-resolution scans 
were run with 0.2 eV steps and 0.2 s dwell time. The pressure in the analysis chamber 
during XPS scans was kept below 4.0×10-10mbar. 
Data Analysis has been performed with the help of the software “CASA XPS”. Shirley 
type background subtraction has been performed to obtain the single line spectra of C 
and Si. Gaussian-Lorentzian peak shapes are used for peak fitting. More information on 
peak fitting can be found in the website listed in reference [109]. The error calculation 
is also performed by using Casa XPS via Monte Carlo approximation. 
 
3.1.3 Variable Temperature (VT) Chamber (VT AFM XA Omicron 
355) 
 
The VT chamber includes 3 type of scanning microscopes: STM, AFM, Q plus (a 
combination of STM and AFM). The sample temperature can be controlled in the range 
50 to 600 K. The chamber hosts also a gas doser with a leak valve to introduce small 
amount of gases close to the sample during STM measurement and a carousel for 
sample and tip storage. 
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3.1.3.1  Scanning Tunnelling Microscope (STM) 
 
The STM was invented by Binning and Rohrer in 1981 [110, 111]. It is a unique imaging 
technique that provides 3D real space images of the surface, which allows spatially 
localised measurements of geometric and electronic structure. Under optimum 
conditions, the atomic resolution of the surface can be achieved. 
Figure 25 shows the essential elements of a typical STM. It includes a probe tip, usually 
made of W or Pt-Ir alloy, which is attached to a piezo drive consisting of three mutually 
perpendicular piezo electric transducers: x, y and z. The x and y displacements scan the 
tip across the sample surface, while the z-axis reveals the surface topography. The 
piezoelectric transducers expand and contract very slightly, depending on the voltage 
applied to them, and this principle is used to the x, y and z positions of the scanning tip.  
 
 
Figure 25: The schematic diagram of the electronics of scanning tunnelling microscope [112]. 
Current amplifier 
computer 
Coarse 
positioner 
Vibrational 
isolation 
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In our microscope the three piezos have been replaced by a piezo tube, with a z-range of 
about 1 m and an x-y range of 12 m. A voltage ‘V’ is set up between the tip and surface 
and a current I0 is chosen. The current, the voltage and the tip-sample separation ‘d’ are 
related by the expression: 
𝐼 ∝ 𝑉𝑒𝑥𝑝(−2𝑘𝑑)    (2) 
Where  𝑘 =
√2𝑚𝜑
ℏ
⁄  is the wave vector associated with the particles in the tunnel 
barrier, constituted by the vacuum between the tip and sample [112], m is the mass of 
the electron and 𝜑 the height of the barrier, calculated as the average between the work 
functions of the sample and the tip.  
The tip is brought towards the surface until the distance ‘d’ is small enough to provide a 
measurable current from equation (2). This happens when the electron wave functions 
in the tip overlap the electron wave functions in the sample surface, creating a finite 
tunnelling conductance. By applying a bias voltage between the tip and the sample, a 
tunnelling current is generated. For metallic surfaces, 𝑘 ≈ 1.023 √𝜑 if d is measured in 
Å, and 𝜑 is the order of 5eV; a 1Å change in the distance makes the current change of an 
order of magnitude. 
The tip is virtually grounded, so the bias voltage V is the sample voltage. If V>0, the 
electrons are tunnelling from the occupied states of the tip into the empty state of the 
sample. If V<0, the electrons tunnel from the occupied states of the sample into the 
empty states of the tip. 
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The tunnelling current is converted to a voltage by the current amplifier, which is then 
compared with a reference value. The difference is amplified to drive the z piezo. The 
phase of the amplifier is chosen to provide a negative feedback; if the absolute value of 
the tunnelling current is larger than the reference value, then the voltage applied to the 
z piezo tend to withdraw the tip from the sample surface and vice-versa. As the tip scans 
over the x-y plane, a two dimensional array of equilibrium z positions, representing a 
contour plot of the equal tunnelling current surface, is obtained, displayed and store in 
the computer memory [112]. 
To achieve atomic resolution, vibration isolation is essential. This is obtained by making 
the STM unit as rigid as possible, and by reducing the influence of environmental 
vibration to the STM unit by using a damping system. 
Instrument Specification: In our UHV Omicron system (room temperature VT AFM 
XA), the main damping is provided by springs and eddy currents, created by a set of 
magnets, mounted around the spring suspended plate which hosts the STM, in small U-
shaped Cu plates, fixed to the walls of the chamber. Three damping legs (Newport, 
stabiliser, high performance, laminar flow isolator, S-2000 series) are used in order to 
further reduce the external vibrations to achieve the best resolution. W tips with 
thickness of 0.38Å are used for this project. Most of the atomic resolution images were 
taken from our home-made W-tips. The ex-situ tip preparation method is explained in 
“Appendix A”. 
An in-situ tip cleaning procedure is used, as explained in 3.1.2.5. Our STM can scan up to 
(9×9)µm2. 
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Data Analysis: The images are analysed using Gwiddyon, WSXM and SPIP software. 
Primarily, “Gwiddyon” is used for analysis of STM images [113-117]. The drift in the 
images is kept at minimum by the data acquisition programme (Matrix), as this 
software allows us to change the scan direction at the end of each frame. The 
established error in distance measurements is the maximum error obtained by 
measuring a known distance of graphite lattice constant over different frames and 
different directions. The substrate roughness calculations also have been performed by 
Gwiddyon software. For roughness calculation, three (5×5)µm2 images of different 
areas of the same substrate has been captured by STM, and their average roughness is 
shown. 
 
STM is a challenging technique, as it requires extremely clean and stable surfaces, sharp 
tips, excellent vibration control, and sophisticated electronics. A large number of 
graphene studies have been done via UHV-STM [118-124] despite the short time that 
has passed since graphene discovery. The atomic structure of graphene, made from 
almost all of the synthesis methods, has been observed by STM. STM can help to analyse 
the morphology, structure and continuity of the grown epitaxial graphene layer. In 
addition, other benefits of STM are listed below. 
Benefits of STM 
 It is able to characterise the moiré patterns due to underlying substrate non-AB 
stacking, wrinkles and ripples caused by strain effects [120]. 
 To identify the relation between graphene morphology and substrate 
configuration. 
 To identify the number of graphene layers (monolayer or multilayer). 
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 To investigate the presence or absence of defects, which determine the quality of 
graphene [125]. 
3.1.4 Raman Spectroscopy 
 
Raman spectroscopy was discovered by Sir C. V. Raman in 1928 [126], and is based on 
the detection of scattered light. In general, when light interacts with a substance, three 
phenomena can happen: the light may be absorbed, transmitted or scattered. 
In a Raman experiment, the sample, which may be solids, liquids, powders, gels, slurries 
or aqueous solutions, is illuminated by a monochromatic laser light or incident 
light(ℎ𝜈𝑜) and the resulting scattered light is analysed (Figure 26 (a)). The Jablonski 
diagram represents (Figure 26 (b)) results from incident photon(ℎ𝜈𝑜) exciting the 
molecule into a virtual energy state. When this occurs, there are three potential 
outcomes. First, the molecule can relax back down to the ground state and emit a 
photon of equal energy to that of the incident photon, which is an elastic process and 
known as Rayleigh scattering. Second, the molecule can relax to a real phonon state and 
emit a photon with less energy than the incident photon. This is called Stokes shifted 
Raman scattering(ℎ𝜈0 − ℎ𝜈𝑚); where “ℎ𝜈𝑚”is the vibrational frequency of a molecule. 
The third potential outcome is that the molecule is already in an excited phonon state, is 
excited to a higher virtual state, and then relaxes back down to the ground state 
emitting a photon with more energy than the incident photon; this is called Anti-Stokes 
Raman scattering(ℎ𝜈0 + ℎ𝜈𝑚). Due to the fact that most molecules will be found in the 
ground state at room temperature, there is a much lower probability that a photon will 
be Anti-Stokes scattered. As a result, most Raman measurements are performed 
considering only the Stokes shifted light [127, 128]. 
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Figure 26: (a) Schematic of Raman Principle. (b) Jablonski diagram representing quantum energy 
transitions for Rayleigh and Raman Scattering 
 
The inelastic effect is due to the excitation or de-excitation of vibrational levels in the 
molecules of the sample. The vibrational levels are unique signatures of the bond within 
the molecule or in the solid. For this reason, Raman is a technique for identification and 
analysis of molecular species. It is a vibrational technique that is very sensitive to even 
the smallest differences in geometric structure and bonding within the molecules. This 
sensitivity is useful to study different allotropes of carbon, where the various forms 
differ only in the relative position of their carbon atoms and the nature of their bonding 
56 
 
to one another[129]. This is a non-contact and reflective technique. It does not require 
any special sample preparation and the measurements can be collected in ambient 
conditions. 
Raman spectroscopy Specifications: For this project, an “in-Via Renishaw Raman 
microscope” with 𝜆 = 532𝑛𝑚 laser light has been used at room temperature. A 50% 
laser power (35mW, spot size ~ 1µm) was used with a ‘X50’ objective. 
 
Data Analysis: GRAM and ORIGINPRO 8.6 softwares are used. Specifically, background 
subtraction and the informations related to peaks for example intensities, peak 
positions are obtained by GRAM software and data plotting is performed by ORIGINPRO 
8.6. 
Note: Except Raman spectroscopy characterisation, all other measurements used in this 
research project are in-situ. 
3.2 Substrate Preparation: 
 
This section will present in detail the substrate specifications, the growth of 3C SiC on Si 
substrates, and the EG growth on 3C SiC/ Si.  
3.2.1 3C SiC/Si Substrates Specifications 
 
Both unpolished and polished epitaxial 3C SiC samples with thickness of 250nm and 
1µm on top of Si substrates were used for the EG growth. The experimental analysis of 
grown graphene on unpolished substrates confirmed that it is vital to use a polished 
surface for the growth, as the roughness of the unpolished substrates was high. To 
reduce the surface roughness, the substrates were treated by chemical and 
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mechanically polished (CMP) method performed by the Novasic Company, France. The 
dimensions of the substrates were (2×12)mm2. The thicker substrate (1µm thickness of 
SiC on Si) was used for CMP, as we were not sure how much thickness would be 
removed by the CMP method. Additionally, two types of doped Si were used for this 
research project. One was p-doped in order to make conductive sample and another was 
unintentionally doped (resistive samples). I did not notice any significant difference 
between these two kinds of doped substrates in the EG growth. 
In this PhD project, two kinds of crystal plane of Si were investigated, namely 3C SiC 
(111)/Si (111) and 3C SiC (100)/Si (100). The 3C SiC (111) was more intensely studied 
in comparison to the 3C SiC (100). Figure 27 (a) and (b) shows the schematic diagram of 
the 3C SiC/Si substrate and different types of substrates that were studied in this 
project respectively. 
The work of the 3C SiC/Si (100) on the unpolished surface was conducted with the help 
of an undergraduate student, Mr. William MacAskill, as a part of his undergraduate 
research project.  
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Figure 27: Schematic diagram of (a) the sample with dimensions (b) different sample types used 
for this PhD thesis. 250nm and 1µm represents the thickness of 3C SiC Griffith and Novasic are the 
University and France based company, respectively. 
 
3.2.2 Epitaxial Growth of 3C SiC on Si Substrates 
 
The 3C-SiC was grown on axis Si substrates by alternating supply epitaxy (ASE). The 
ASE process was undertaken at the Queensland Micro and Nanotechnology Centre at 
Griffith University in a hot-wall, low-pressure CVD reactor, using the precursor vapours 
silane (SiH4) and acetylene (C2H2) with an idle reactor temperature of 600°C. The steps 
are shown in Figure 28, and the ASE method is explained below.  
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Figure 28: Gas supply procedure before epitaxial SiC growth [85]. 
 
 With the Si samples loaded in the reactor, the temperature was increased from 
600°C to 1000°C, at a pressure of 30Pa with an O2 supply of 20 sccm. This 
resulted in the formation of SiO2. The intent of encouraging this growth was to 
prevent contamination of the substrate by any carbon sources in the deposition 
chamber.  
 Once the temperature reached1000°C, the deposition chamber was degassed for 
30 seconds (s), 1.5 sccm of SiH4, it was then supplied to the chamber for 15 
minutes (min). This process removed the SiO2 and deposited a fresh Si layer on 
the sample surface.  
 The deposition chamber was cooled to 750°C.  
60 
 
 10 sccm of C2H2was directed into the deposition chamber. At the same time, the 
temperature was increased from 750 to 900°C at a pressure of 2Pa. This helped 
to replenish carbon at the sample surface. 
 Maintaining the 10 sccm supply of C2H2, the temperature was further increased 
from 900 to 1000°C at a pressure of 40Pa. 
The gas supply required for the epitaxial growth of SiC is detailed in Figure 29. It will be 
explained in the same way as the above process. 
 
 
Figure 29: Gas supply procedure during epitaxial SiC growth [85]. 
 SiH4 was provided to the deposition chamber with a flow rate of 0.3–2.5 sccm for 
10–60s. 
 The deposition chamber was pumped out for 5–30s. 
 C2H2 was provided to the deposition chamber with a flow rate of 0.8–10 sccm for 
5–120s. 
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 The deposition chamber was pumped out for 5–30s. 
 
This cycle of four steps was repeated multiple times to grow the 3CSiC/Si [85]. The 
lattice mismatch between the over-layer and substrate (both Si (111) and Si (100) ) was 
assumed to be approximately 20% [130]. 
Following the completion of the ASE process, the samples were returned to QUT and 
ultra-sonicated at 40 kHz for 10 min in isopropanol, then 10 min in de-ionised water 
using a Liquid Glass Oz (B Model LGO-50W-16H) ultrasonic cleaner. The samples were 
then dried using N2 and mounted onto molybdenum sample holders and inserted into 
the UHV chamber. 
3.2.3  Epitaxial Graphene Growth Process 
 
After inserting the sample in UHV chamber, the experimental process involved 
manipulator degassing, sample degassing, Si evaporation and finally epitaxial growth of 
graphene at high temperature. Each of the steps is described below. 
(a) Manipulator degassing: For surface science studies, it is crucial to grow EG in as 
clean environment as possible so that atomic state studies of the material can be 
easily obtained. The degassing of manipulator is an important step to follow in 
order to obtain a low pressure and long-time high temperature annealing, which 
implies clean environment. At the beginning of the project, this step was not 
followed. But later, with the help of Prof Nunzio Motta, I figured it out that 
manipulator degassing is the key to keep the vacuum in low range (5×10-10mbar) 
for continuous annealing at high temperature during growth. The results without 
this step are described in the Appendix B 
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Reason: During high temperature annealing of the sample, parts that are attached to the 
manipulator through the sample and sample holder also start to heat. By this heating, 
these components release/degas the contamination. As a result, the pressure of the 
vacuum chamber increases. That’s why it was not possible to anneal the sample in one 
go for a longer time (~10 mins). 10 mins is the usual time used by the previous 
researchers for graphene growth in UHV[86]. However, using e-bombardment heating 
of the manipulator up to 500°𝐶 before the high temperature annealing is the key for 
continuous annealing for EG preparation. This is recommended for both conductive and 
resistive samples. In order to avoid any confusion, which is explained in Section 3.1.2.1, 
it is required to follow this step for each step of annealing of the resistive samples; 
whereas for the conductive samples it is only required in the beginning. I believe that 
continuous annealing of the sample is beneficial compared to flash annealing. The 
reason for this is because the current is increased manually, there is less certainty that it 
has been consistently done in a proper and exact way. Sudden increases or decreases in 
temperature may cause cluster formation due to stress or strain on the sample. 
Additionally, the sample takes some time to arrive at the desired temperature, and by 
the time the desired temperature is reached the pressure is high, so it needs to be 
turned off systematically. Then, it needs to wait for the pressure to recover and start the 
procedure again, which creates complications. It is well known that Si and SiC forms 
cluster at 1000°𝐶.  Therefore, it is crucial to avoid this temperature during the 
experiment so as to not form clusters on the surface. From my experience, it is risky and 
difficult to follow and remember these things for each and every flash annealing. 
Another reason is if less time is given to each flash annealing, then there will be less 
time for bond breaking, and less time for the formation of continuous layers of 
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graphene. This may create several patches of graphene, rather than creating a 
continuous large area graphene layer. 
(b) Sample degassing: After following the above procedure, sample degassing is 
performed using “TDK LAMBDA” (Figure 30) DC heating at 600°𝐶 for 12 hrs 
(overnight) in UHV. This results in the degassing of contaminates (water vapour, 
hydrogen or other gas molecules) present on the samples, and a clean surface is 
prepared. A safe temperature is required for degassing, in which no structural or 
chemical modification affects the surface. For 3C SiC/ Si substrates annealing 
temperatures in the range 500– 600°𝐶 are commonly used by researchers [97]. 
 
 
Figure 30: TDK Lambda for sample heating 
(c) Si evaporation on the 3C SiC/Si sample: The sample was annealed under a constant Si 
flux (0.11nm/min) at 900 °C for 10 mins (𝑝𝑚𝑎𝑥 = 3 × 10
−10) in order to remove the 
native oxide from the surface and to compensate for the Si sublimation in the final step. 
This process removes the oxygen contamination in the form of silicon oxide (SiO), a 
volatile reaction product, and also prevents the formation of a thick graphite layer in 
the following step by reacting with non-carbidic form of C to form SiC [131, 132]. Si was 
deposited by e-beam evaporator (EFM 3, FOCUS), operated at 500V and 40mA of 
emission (Figure 31). The source material was a silicon bar of >99.9999% purity and n-
doped with phosphorous (10 to 100Ωcm) purchased from Siliciumbearbeitung Andrea 
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Holm GmbH. The rate of Si flux can be controlled either manually or through software. 
“Epitass V0.6” is the software to control the Si flux rate digitally.  
 
Figure 31: UHV evaporator (EFM 3) power and display unit 
 
(d) EG Growth: EG layers were obtained by further annealing the samples at a high 
temperature (without Si flux) using DC heating in UHV, starting from a base 
pressure of1.1 × 10−10𝑚𝑏𝑎𝑟. The final annealing pressure was always kept at 
𝑝𝑚𝑎𝑥 = (5 × 10
−10) 𝑚𝑏𝑎𝑟 for various lengths of time, at varying temperatures. The 
sample temperature was measured by an infrared optical pyrometer (IRCON 
Ultimax Plus UX 20P), with an accuracy of ±15°𝐶. The schematic diagram in Figure 
32 shows the growth procedure of EG except the manipulator degassing procedure. 
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Figure 32: Schematic diagram of epitaxial graphene growth process 
 
The morphology and the electrical characteristics of the epitaxial graphene grown on 
the 3C SiC/Si (111) substrates were investigated in-situ just after the growth by STM 
(VT STM XA, Omicron Nanotechnology), by keeping the pressure at 2 × 10−11𝑚𝑏𝑎𝑟. 
Afterwards, the chemical composition of the samples was characterised in the same 
UHV system using XPS. The quality of the epitaxial graphene was also analysed ex-situ 
by Raman spectroscopy at room temperature. All the reconstructions and related 
temperatures will be discussed in next chapter. 
3.3 Summary 
 
This chapter covered the necessity of the surface study, benefits of the UHV chamber 
and the instruments that were used in this research project. The whole UHV-STM 
system was described including tip preparation tool, XPS, manipulator, atomic 
hydrogen source, UHV evaporator for Si flux and the basic things needed to know while 
operating this machine. The sample preparation technique was described in detail. As 
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there are various parameters and different kind of samples, so each kind of experiment 
and the related results are explained separately in the result chapter. 
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Chapter 4 
4 Results 
 
In this chapter, I present in details the morphological and spectroscopic 
characterisations of epitaxial graphene (EG). Surface morphology resulting from 
different substrates and processes has been characterised by STM at atomic resolution 
and AFM at large scale. Spectroscopic characterisation has been carried out through XPS 
and Raman. The following results chapter has been divided into six sections. The first 
four sections contain the results obtained from unpolished samples of 3C SiC (111)/ Si 
(111), the fifth section compares the result of EG growth on the unpolished and polished 
substrates, and the sixth section shows a comparison of EG on 3C SiC (111) and 3C SiC 
(100). Section details are as follows: 
 Section 4.1 describes the growth of graphene as a function of annealing 
temperature. The sample has been characterised by in-situ STM and XPS, while 
Raman characterisation has been done ex-situ. Our XPS findings demonstrate the 
exponential dependence of the number of graphene layers on the annealing 
temperature. 
 Section 4.2 describes the growth of graphene as function of time at different 
temperatures. The characterisation has been performed by XPS and theoretical 
calculation. 
 Section 4.3 describes the transition of 3C SiC (111) to graphene upon thermal 
decomposition, through high-resolution STM images and first principle 
calculation. 
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 Section 4.4 explains, by high-resolution STM images, the electronic effect that 
has been caused by the defects present on the sample.  
 Section 4.5 describes the comparison between the polished and unpolished 
samples. This section is subdivided into six subsections that show the effect and 
quality of epitaxial graphene (EG) growth on different types of polished 3C SiC 
(111) substrate. 
 Section 4.6 describes the comparison between EG on 3C SiC (111) and 3C SiC 
(100).  
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4.1 Evaluation of epitaxial graphene layers on 3C SiC/ Si 
(111) as a function of annealing temperature 
 
This section discusses the growth of Epitaxial graphene (EG) as a function of annealing 
temperature. The content of this section has been published in the paper “Evolution of 
epitaxial graphene layers on 3C SiC/Si (111) as a function of annealing temperature in 
UHV,” Carbon, vol. 68, pp. 563-572, 2014.[133], authored by “B. Gupta, M. Notarianni, N. 
Mishra, M. Shafiei, F. Iacopi, and N. Motta. 
Experimental details 
The 3C SiC/Si (111) substrates were treated with the procedure illustrated in section 
3.2.3. The roughness of as-grown samples before annealing was found to be 2.5nm by 
analysing AFM and STM (5×5)µm2 images. The final annealing step (pmax=5×10-10) was 
carried out for 10 mins at temperatures ranging from 1125 to 1375˚C. The results 
obtained from this experiment are described below by STM, XPS and Raman techniques. 
STM Studies 
The atomic structure of the epitaxially grown graphene on 3C SiC (111)/Si(111) was 
investigated by UHV STM. Figure 33 shows the STM topographical image of monolayer 
graphene obtained at room temperature after annealing SiC at 1250˚C. The hexagonal 
structure of monolayer graphene (1×1) is clearly visible with periodicity (hole to hole) 
of 0.246±0.02nm. 
The graphene layer appears to be continuous on the substrate, although wrinkled 
because of the steps and defects in the underlying SiC/Si(111). STM images of graphene 
layers obtained after annealing at 1300 ˚C are shown in Figure 34. Figure 34 (a) is a 
20×20nm2 STM image showing a step where a moire pattern is visible, like a shadow 
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around the centre of the image. In two areas (top and bottom part of the image) it is 
even possible to observe the honeycomb graphene structure. This difference is due to 
the presence of multiple/single graphene layers in different areas of the sample and the 
bias paramenters used (Vbias 70 mV, I=0.3nA). 
 
 
Figure 33: High-resolution STM image of a graphene monolayer on 3C SiC (111) obtained after 
annealing at 1250 ˚C. Vbias= 0.2V; I=80pA. The honeycomb structure is quite clear, the wrinkles 
were due to steps and defects in the underlying substrate [133]. 
 
The moiré pattern, which is due to an electronic effect of interference between the first 
carbon layer (interfacial layer) and the underlying SiC substrate [134], is more clear at a 
lower sample bias (Vbias 50mV, I=0.2nA) (Figure 34 (b)) showing a periodicity of 17Å. 
This structure is attributed to the C-rich (6√3×6√3) R30˚ reconstruction due to the 30˚ 
rotation of the graphene overlayer, with respect to the unreconstructed 3C SiC (111) 
surface [135-137]. In our case, the typical structure due to the Bernal stacking is visible, 
confirming the presence of more than one graphene layer. The unit cell of (6√3×6√3) 
R30˚ structure, shown in Figure 34(b) (blue insert), consists of (13×13) graphene unit 
cells [137]. 
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Figure 34: STM images of graphene obtained by annealing SiC/Si(111) at 1300˚C. (a) 20×20nm2 
area with a step showing a shadow of Moire pattern (V=70 mV, I=0.3 nA). (b) high-resolution 
Moirè pattern with hexagonal symmetry (V=50 mV, I=0.2 nA). A (6√3×6√3) R 30˚ unit cell (blue 
insert) is also shown(c) FFT of image (b) showing 27˚ rotation of graphene layer with respect to 
the buffer layer; and (d) highresolution STM image of bi/few layer graphene (V= 50 mV, I= 0.2 nA) 
with graphene unit cell (red insert) [133]. 
 
The FFT of the Figure 34 (b) is shown in Figure 34 (c). In this image, three sets of bright 
spots are visible, corresponding to the first and second nearest neighbours and to the 
Moirè pattern. From the angle measurements (Figure 34 (c)), we observed that the 
buffer layer was rotated 27˚ ± 3˚ with respect to the SiC substrate. A high-resolution 
image of bilayer graphene is presented in Figure 34 (d), where the typical Bernal 
stacking symmetry, with a periodicity of 0.246nm, is visible on the Moiré pattern. The 
STM image of multilayer graphene at the atomic scale exhibits the typical three-for-six 
symmetry of graphite. In order to disentangle all the contribution to the STM image, we 
have performed the back Fourier transform by selecting the different hexagons of bright 
spots in Figure 34 (c) (Figure 35).  
(e) 
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Figure 35: FFT images extracted by selecting three hexagons of spots in Figure 34 (c), as shown in 
the insets: (a) Moirè pattern from the innermost hexagon; (b) second nearest neighbours from the 
middle hexagon; and (c) first nearest neighbours (in the three-for-six symmetry of graphene 
atoms) from the outer hexagon [133]. 
 
The innermost, middle and outermost hexagons in Figure 34 (c) are the Fourier 
components of the moiré structure, second and first nearest neighbour of the three for 
six symmetry of graphite, respectively. The periodicity of these structures as measured 
in Figure 35 (a)–(c) gives a value of the spacing equal to 17Å, 4.2Å and 2.46Å, 
respectively, which confirmed the quality of our graphene. Although the domains were 
small, it would be possible to increase their size up to µm by using off axis substrate as 
suggested by Ouerghi et al [94]. 
XPS Studies: 
 
A full XPS analysis of the samples was performed after each step of the growth process, 
immediately following the STM measurements. Figure 36 shows the wide range XPS 
spectra of the sample after degassing at 600˚C, annealing with Si flux at 950˚C and final 
annealing at 1375˚C. The degassed sample spectrum shows the presence of six main 
photoelectron peaks at approximately 1000, 750, 570, 283, 150 and 100 eV, which 
originated from the C KLL, O KVV, O1s, C1s, Si2s and Si2p transitions, respectively. The 
a cb
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peaks related to oxygen (O KVV and O 1s) were reduced after annealing at 950˚C with Si 
flux and disappearing after the annealing at 1375˚C (Figure 36).  
 
Figure 36: Wide range XPS spectra of sample degassed at 600˚C, followed by Si flux at 950˚C and 
annealed at 1375˚C [133]. 
 
After annealing at 950˚C under Si flux, the formation of a Si-rich (3×3) surface is 
observed [63, 131]. A comparison between the high-resolution XPS spectra obtained at 
650˚C and 950˚C for both C1s (283.1eV) and Si2p (100.9eV) peaks is shown in Figure 37. 
After 950˚C annealing, we observed a slight increase (0.75 vs 0.68) in the intensity ratio 
of the Si2p peak with respect to the C1s, and the disappearing of the two side peaks in 
the Si2p, which confirms the effect of the Si evaporation in removing the SiO2 and in 
increasing the Si/C ratio at the surface. A very small shoulder, at about 285eV, can be 
noticed in the C1s spectrum after annealing at 950 ˚C. The energy of this line obtained 
from the XPS fitting (285.04eV) is very close to the peak of the buffer layer found in 
successive annealing treatment; this indicates the onset of the formation of buffer layer. 
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Figure 37: X-ray Photoelectron Spectroscopy of the SiC (111) Si rich surface after 650 ˚C and 950˚C 
annealing with Si flux: (a) Si 2p and (b) C 1s [133] 
 
Figure 38 (a)–(f) shows the evolution of the C1s peak at successive annealing 
temperatures (1125, 1225, 1250, 1275, 1325 and 1375˚C). Three peaks were used to fit 
the original spectra of C1s, corresponding to SiC (~ 283eV), graphene (G=284.7eV) and 
buffer layer (I = 285.85eV). The transition of a Si-rich to C-rich surface is obtained by the 
sublimation of Si atoms taking place at annealing temperatures larger than 1125°C and 
resulting in the formation of a (6√3×6√3) R 30˚structure [136, 138]. At 1125°C (Figure 
39(a)), a new component at 285.85eV, identified as the buffer layer peak, began to 
develop aside the main SiC bulk peak at 283.0eV. This is attributed to the transition of 
Si-rich surface to C-rich surface [135]. The buffer layer1 is usually the first carbon layer 
partially sp3 bounded to SiC surface and has no graphitic carbon sp2 properties [136]. 
                                                        
1 Our samples are theoretically carbon terminated; however, fitting the XPS C1s peak 
without a buffer layer do not provide meaningful results. A good peak fitting can instead 
be obtained by using an interface layer peak. I believe that the annealing at 900°C with 
Si flux, may provide extra amount of Si which is used to remove the native oxide and is 
creating a buffer layer during high temperature annealing. I observed also the atomic 
structure of a buffer layer on polished samples (cross reference of), annealed with Si 
flux at 900°C. As our system is not equipped by low energy electron diffraction (LEED), 
it is difficult to confirm exactly these speculations.  
950˚C
650˚C Si 2p
950˚C
650˚C C 1s
75 
 
This layer has a typical (6√3×6√3) R 30˚ reconstruction, as seen in the STM images and 
XPS spectra by other researchers [135, 138, 139]. The third peak at 284.7eV is assigned 
to graphene, as it is only 0.3eV behind the typical graphitic carbon peak. Around 1225°C 
(Figure 38b), higher intensities for both surface components, I and G are observed. The 
intensities and atomic concentrations (%) of G and carbon peak of SiC are listed in Table 
2. 
The number of graphene layers t formed on SiC can be calculated from the intensity 
ratio of the photoelectrons of graphene (NG) and SiC as a reference peak (NR) [140]:  
𝑁𝐺
𝑁𝑅
=
𝑇𝐸𝐺𝜌′𝐶𝐺𝜆′𝐸𝐺[1−exp (−𝑡/𝜆′(𝐸𝐺))]
𝑇(𝐸𝑅 )𝜌𝐶𝑅𝜆𝐸𝑅[exp (−𝑡/𝜆(𝐸𝑅)]
× 𝐹   (2) 
In this equation, E is the kinetic energy of photoelectrons associated with a given peak; 
T is the transmission function of the analyser; C is the differential cross section (dσ/dΩ); 
ρ and 𝜆 are the atomic density and inelastic mean free path of the corresponding 
material; F is a geometrical correction factor due to photoelectron diffraction; and the 
superscript indicates quantities referred to the graphene over layer, as opposed to the 
SiC bulk. The inelastic mean free path 𝜆 of SiC and graphite was taken from the TPP-2M 
formula [141]. By solving equation (2) for the number of layers t, and considering an 
interlayer spacing of 3.35 Å for the graphene, we can calculate the number of layers at 
the various annealing temperatures (Table 3).  
At 1125˚C, the number of layers is 0.4; this was expected as we were just below the 
onset of full graphene growth; it is possible that patches of graphene start growing in 
areas close to dislocations or steps. Full coverage requires higher temperatures. The 
calculated thickness value at 1225˚C (1.78) confirms the presence of more than one 
monolayer graphene. 
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Figure 38: C1s XPS spectra for graphene growth as a function of increasing temperature. The sample was 
annealed at (a) 1125˚C (b) 1225˚C (c) 1250˚C (d) 1325˚C and (e) 1375˚C [133]. 
 
At 1250°C (Figure 38 (c)) the calculated thickness is 3 ML. The increase of the graphene 
peak intensity and decrease of SiC peak intensity (Figure 38 (c)–(f)) indicates the 
1225˚C
1275˚C1250˚C
1325˚C 1375˚C
Original data
SiC
Buffer layer(I)
Graphene(G)
Fitted data 1125˚C
(6√3×6√3)
(a)
(C)
(e)
(b)
(d)
(f)
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formation of an increasing number of graphene layers as a function of the annealing 
temperature. The buffer layer intensity should also decrease with the increasing 
thickness of graphene layers, but it is nearly constant. This effect could be due to the 
presence of some component related to C-O-C coming from the sample holder. A 
saturation of the graphene layer peak corresponding to a thickness of 7.8 ML was 
observed for annealing temperatures above 1325°C, which is likely due to the limitation 
in the escape depth of the photoelectrons (about 1nm at 1000 eV [142]). We note that 
1375°C is also very close to the maximum safe annealing temperature of 3C SiC (111)/Si 
(111), as the melting point of silicon is 1414°C. 
Table 2: FWHM and intensities of graphitic carbon and carbon peak of SiC calculated from peak 
fitting of XPS data [133].  
Average error in FWHM and intensity values, as well as atomic concentration is ± 5%. 
 Graphitic carbon (284.4)  Carbon peak of SiC  (~283.2) 
Temperature FWHM 
 
Intensity 
(104 
cps) 
Atomic 
conc. (%) 
 
FWHM 
 
Intensity 
(104 cps) 
Atomic 
conc. (%) 
1125°C 0.81 1.9 4.5 1.12 40.5 93 
1225°C 0.79 6.4 14 1.18 37.0 80 
1250°C 1.07 21.7 31 1.07 41.6 59 
1275°C 0.86 20.2 51 1.22 27.0 38 
1325°C 0.86 3.21 58 1.25 18.0 33 
1375°C 0.81 3.14 59 1.51 17.6 33 
 
78 
 
Table 3: Calculated number of graphene layers as a function of the annealing temperature [133] 
 
Raman spectroscopy 
 
Raman characterisation was performed ex-situ at room temperature immediately after 
extracting the samples annealed at different temperatures from the UHV. Figure 39 
shows the Raman spectra of samples annealed at 1125˚C, 1225˚C, 1300˚C, 1325˚C and 
1375˚C, including bulk graphite as a reference spectrum and the untreated 3C SiC/Si 
(111) substrate. In the graphite spectrum, the two most intense features, G and 2D peak, 
are visible at wavelengths 1580.46 and 2720.06 cm-1, respectively. The G band is 
associated with doubly degenerate in-plane transverse optic (iTO) and longitudinal 
optic (LO) phonon mode at the Brillouin zone centre. It is the only band generating from 
a normal first order Raman scattering process in the graphene. The D and 2D (G) bands 
originate from a second order process, involving two iTO phonons near the K point for 
the 2D band, or one iTO phonon and one defect in the case of the D-band [143]. The 
change in intensity and shift in position of both G and 2D peak is the key to determine 
the graphene layer thickness [143, 144].  
As evidenced in Table 4, the G-band position shifts towards lower wavelengths as the 
temperature increases, indicating the increase in graphene layer thickness; this was 
confirmed by the shift of the 2D band to higher wavelengths [144]. The lack of 2D peak 
for the sample annealed at 1125˚C is a signature that no or very little graphene is 
formed at this temperature. The peak position and FWHM for a CVD monolayer 
Annealing 
Temperature 
(°C) 
1125 1225 1250 1275 1325 1375 
Graphene layers 0.40±0.5 1.78±0.5 3.34±0.5 5.25±0.5 7.71±0.5 7.8±0.5 
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graphene (with 532nm laser wavelength) have been reported as ~2680cm-1 and 
~28cm-1,respectively [145], while for the micromechanically cleaved graphene is 
2673cm-1[146]. At 1225˚C the 2D position of the Raman peak (2712cm-1) is very close to 
values reported in literature for monolayer graphene on SiC (2715cm-1)  
 
Figure 39: Raman spectra of bulk graphite, untreated 3C SiC/Si (111) substrate, samples annealed 
at 1125˚C, 1225˚C, 1300˚C, 1325˚C and 1375˚C (bottom- to-top). The Raman peaks are labelled 
following standard identification [133]. 
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Table 4: G and 2D band positions, intensities and their FWHM [133] 
Temperature 
(˚C) 
G-band 2D-band 
position 
(cm-1) 
Area FWHM position 
(cm-1) 
Area FWHM 
Untreated 3C 
SiC/Si(111) 
0 0 0 0 0 0 
1125˚C 1612 99430 77. 49 0 0 0 
1225˚C 1609 209352 70.31 2712 35380 115.3 
1300˚C 1605 261031 67.83 2715 57373 104.69 
1325˚C 1596 730128 63.16 2716 271027 101.77 
1375˚C 1594 643843 57.40 2718 284584 96.46 
Graphite 1580.46 23454 15.52 2720.06 40053 38.05 
 
[146]. This in agreement with our XPS results, with a 39cm-1 shift towards higher 
frequency in comparison with the micromechanically cleaved graphene. This shift is not 
surprising, as it has also been observed by other researchers [135, 146] in SiC 
graphitisation, and attributed to the interaction of graphene with the SiC substrate, 
where strain changes the lattice constant of graphene and hence the Raman peak 
frequency [135]. The peak broadening can be attributed to the poor crystallinity and to 
the small size of the platelets of the epitaxial graphene [146], as suggested by our STM 
images. Calculation of the crystallite size (La) is possible by using the below formula 
[147]: 
 
    






D
G
la
I
I
L 410-102.4 = nm      (3) 
This formula provides an average dimension of the graphene platelets of 10-15nm, 
depending on temperature. By increasing the annealing temperature, the width of both 
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G and 2D peaks is decreasing, suggesting an improvement of the crystalline quality and 
an enlargement of the graphene areas. At 1375˚C, the G and 2D peaks are very close to 
the bulk graphite position, which indicates that at this temperature we have obtained 
thick graphene layers, confirming our XPS results. The presence of D-band (1363cm-1) 
(Figure 39) is a signature of defects caused by structural disorder, vacancies, distortions 
and strain [129, 146]. The other feature observed at around 2965cm-1 is attributed to 
the combination of the D and G bands, known as D+G band [148]. Our 3C SiC/Si (111) 
substrate do not show any sign of significant second order Raman features between 
1450 and 1750cm-1[143, 146] as in other polytypes of SiC.  
Evaluation of the growth rate 
 
Figure 40: Number of graphene layers developed in 10’ versus annealing temperature, as obtained 
from XPS analysis (red circles). The values are fitted to an Arrhenius function (solid line). Blue 
squares: area of 2D Raman peak versus the annealing temperature [133]. 
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In order to understand the growth rate as a function of the temperature we plotted the 
layer thickness developed after 10’ annealing, obtained by the XPS analysis, as a 
function of the annealing temperature (Figure 40), and fitted the data by using the 
Arrhenius formula: 
N (T) =A e-Ea/KT     (4) 
We obtained that A=4.74 108, and Ea=2.46eV (activation energy) [149]. The Raman 2D 
peak intensity follows the same behaviour (blue squares), as well as the G peak 
intensity (not shown in the graph), confirming the XPS results. We excluded the XPS 
value obtained at 1375˚C from the fitting due to the error of limitation in the 
photoelectron escape depth, as discussed in the XPS analysis. 
Summary 
 
We demonstrated that the number of graphene layers obtained by sublimation in UHV 
from 3C SiC (111)/Si (111) is a strong function of the annealing temperature. By 
quantitative XPS and Raman analysis, we have been able to calculate the exact number 
of layers of epitaxially grown graphene. From the experimental results we infer that 
monolayer graphene can be grown in 10’ by annealing 3C SiC (111)/Si (111) substrates 
at temperatures as low as 1200˚C. The STM analysis provided atomic scale images 
demonstrating the presence of mono- or few-layer graphene, depending on the 
annealing temperature; although, a high number of defects is clearly visible, as 
confirmed by the presence of a D band in the Raman spectroscopy. We observed an 
improvement of the graphene quality, by the 2D peak shrinking, for increasing 
annealing temperatures, and also an increase in the number of layers measured by XPS. 
The final number of graphene layers increases up to about 8 ML for temperatures as 
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high as 1375˚C, just below the melting temperature of the silicon substrate. We have 
been able to fit this behaviour to an Arrhenius function, which provides the onset 
temperature for the first layer, and the activation energy of the SiC decomposition 
process into graphene. This study opens the way to a better understanding and 
quantification of the graphene growth in UHV from 3C SiC (111)/Si (111), which is 
important for future electronic applications. In the following section, EG growth as a 
function time has been studied. 
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4.2 Evolution of graphene growth with respect to 
temperature and time: an XPS study 
 
In this section I present an XPS study of the EG growth process due to Si sublimation 
with respect to time. The growth model analysis (layer-by-layer growth mode and 
kinetic growth mode) has been developed in collaboration with researchers from 
University of Roma Tor Vergata and a paper is in preparation [150]. 
 
Experimental 
A 250nm thick layer of 3C SiC (111) as received samples were cut to the size of 
(1.5 × 12)mm2, cleaned by 5 mins of ultrasonication with isopropanol, 2 mins by 
deionised water and then dried by N2 gas. The substrates were treated with the 
procedure illustrated in section 3.2.3. Different substrates were used for different 
temperature annealing at 1175, 1225, 1275 and 1325 ̊C for 30 mins. The 30 mins 
annealing is divided as follows: in the first 10 mins the substrates were annealed in 1 
min steps, each one followed by the acquisition of C and Si XPS spectra; in the following 
10 mins, the same procedure is applied every 2 mins; and for the final 10 mins every 5 
minutes.  
 
XPS Studies: 
Figure 41 shows the high-resolution C1s XPS spectrum of substrates annealed at 
different temperatures (1175, 1225, 1275 and 1325 ̊C) as a function of time. The SiC 
(~283eV) peak intensity decreases, whereas the graphene peak (~284.5eV) increases as 
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a function of the annealing time, at all temperatures. The same effect occurs as a 
function of the temperature at each specific annealing time. 
 
Figure 41: High-resolution stacked XPS of C1s spectrum showing the change in C1s peak shape as a 
function of time at different temperature. (a) C1s peak spectrum obtained at 1175 ̊C; (b) C1s peak 
spectrum obtained at 1225 ̊C; (c) C1s peak spectrum obtained at 1275 ̊C; (d) C1s peak spectrum 
obtained at 1325 ̊C. 
 
By taking the intensities ratios of SiC and graphene, the number of graphene layers has 
been calculated. An example of peak fitting is shown in Figure 42 (a). The details of peak 
fitting and graphene layer calculation can be found in section 4.1 [133]. 
Figure 42 (b) shows the plot between numbers of layers obtained as a function of time 
at different temperatures. The numbers of layers obtained at 1325 ̊C are showing a 
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slightly different growth trend then other temperatures. To this we refer to the bottom-
up growth mechanism (Figure 42 (c)) recently proposed in the literature, where 
graphene is continuously formed at the graphene-SiC interface during the Si 
evaporation [151]. 
 
Figure 42: (a) an example of C1s synthetic peak fitting showing SiC, graphene (G) and interface 
layer (I); (b) A plot between number of layer and time; (c) The mechanism of the epitaxial 
graphene growth (bottom-up) [150]. 
 
Layer-by-layer growth mode study: 
 
To derive the growth law for Figure 42 (b) we collaborated with Prof. Massimo 
Tomellini’s group [152]. As we can observe from Figure 42 (a) that the C1s peak has 
fitted with three components: graphene peak (G), buffer or interface layer (I), and 
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carbon peak of SiC (SiC). In order to simplify the treatment we assume that Graphene 
(G) + Interface layer (I) ⟶ Overlayer (OV) and SiC ⟶ Substrate (SUB).  
After several test on different growth modes we found that layer-by-layer is the best 
suitable growth model for EG growth on 3C SiC (111)/Si (111) in UHV. 
From XPS we have: 
𝐼𝑂𝑉 = 𝐼𝑂𝑉
∞ (1 − 𝑒−𝑛(𝑡))    (5) 
and 
𝐼𝑆𝑈𝐵 = 𝐼𝑆𝑈𝐵
0 𝑒−𝑛(𝑡)     (6) 
Where    𝑛(𝑡) = 𝛽𝑡𝛾      (7) 
We set a self-consistent analysis as follows: 
𝐼𝑂𝑉(𝑡) =
𝐼𝑂𝑉
∞
𝐼𝑂𝑉
0 (1 − 𝑒
−𝑛(𝑡))    (8) 
𝐼𝑆𝑈𝐵(𝑡) =
𝐼𝑆𝑈𝐵
0
𝐼𝑆𝑈𝐵
𝑚𝑎𝑥 𝑒
−𝑛(𝑡) ≅ 𝑒−𝑛(𝑡)    (9) 
Where 𝐼𝑂𝑉
0 = 2.05 ×105 is an arbitrary choice; 𝐼𝑆𝑈𝐵
𝑚𝑎𝑥 is the maximum value of SiC peak, 
different for every temperature.  
By substituting equation (9) in (8) we get: 
𝐼𝑂𝑉(𝑡) ≅ 𝑚 (1 − 𝐼𝑆𝑈𝐵(𝑡)) 
Looking at the relation between 𝐼𝑂𝑉(𝑡) and 𝐼𝑆𝑈𝐵(𝑡) for every temperature we have 
calculated the asymptotic value of m = 
𝐼𝑂𝑉
∞
𝐼𝑂𝑉
0 . An example for 1225 ̊C is shown in Figure 43 
(b). 
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Figure 43: (a) Graphene fitting function; (b) determination of asymptotic value of ‘m’; (c) SiC 
substrate fitting function [150]. 
 
We have estimated the relative error in the intensity values (~10%) from the fitting 
procedure. The m values for 1175, 1225, 1275 and 1325 ̊C are 1.66, 3.38, 2.61 and 2.47 
respectively. 
Using these m values and the following equation: 
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𝐼𝑂𝑉(𝑡) ≅ 𝑚(1 −  𝑒
−𝛽𝑡𝛾)     (10) 
we were able to fit the overlayer intensities 𝐼𝑂𝑉(𝑡), for respective temperatures, as 
shown in Figure 43 (a). The error bars are 10% of the intensity values. After several 
trials we have chosen 𝛾 = 0.5. β values, which were obtained from the fitting. 
Using the parameters that were found from above fitting, we were able to construct 
functions for 𝐼𝑆𝑈𝐵(𝑡) in order to compare them with the experimental data (Figure 43 
(c)) as follows: 
𝐼𝑆𝑈𝐵(𝑡) = 𝑒
−𝛽𝑡0.5     (11) 
When constructing the Arrhenius plot of Lnβ versus 1/T (K), we have obtained an 
activation energy of 2.45eV (Figure 44 (a)). The same value was been obtained by the 
fitting in section 4.1 [133]. 
Kinetic growth mode: 
To have an insight into the growth law obtained from the XPS data analysis, we 
developed a kinetic model which takes into account the essential steps occurring during 
the epitaxial growth of graphene [152]. The chemical processes leading to the growth of 
the overlayer can be schematised as follows: 
SiC → (Si)v + C
∗     (12) 
C∗ + (G)n → (G)n+1     (13) 
Reaction (12) is for the evaporation of Si which produce, at the interface, “reactive” 
carbon species, here denoted as C* and Si in the gas phase ((Si)v). These carbon units 
enter the reaction of growth (13) where Gn stands for an already formed graphene layer 
made up on n-C-units.  
90 
 
 
Figure 44: Arrhenius plot to achieve activation energy of 2.45 eV; (b) B<=1model function; (c) B>1 
model functions [150, 152]. 
 
As far as kinetics are concerned, in the present approach, the reactions above are 
considered, in principle, to be determining. However, the liberation of Si at the interface, 
for example through the formation of vacancies and interstitials, was not assumed to be 
rate determining. Reaction (12) can be seen as a two-step process as 𝑆𝑖𝑆𝑖 ⇄ (𝑆𝑖)𝑖 ⟶
(𝑆𝑖)𝑣 where (Si)i is an interstitial Si atom and the irreversible implies diffusion of Si 
through the solid toward the vapour phase [153]. The reaction for the interstitial 
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formation can be considered to proceed under conditions not too far from equilibrium, 
leading to a time-independent mole-fraction of interstitials, as given by the law of mass 
action. At the kinetic level, this implies the rate constants (direct and/or reverse) of the 
first step to be longer than the inverse of the characteristic of the diffusional process. 
In the computation that follows, we consider vertical diffusion of Si through the 
overlayer; the kinetics of this process is strictly dependent upon overlayer thickness. It 
is worth stressing that based on phenomenological rate equations it is not possible to 
have an insight into the diffusion mechanism without independent formation of 
diffusion barriers. Rate equations for the present modelling read: 
{
𝑑𝑛𝑐∗
𝑑𝑡
= 𝐽𝑆𝑖 − 𝐾2𝑛𝑐∗
𝜌𝐺 
𝑑ℎ
𝑑𝑡
= 𝐾2𝑛𝑐
     (14) 
Where 𝑛𝑐∗ is the surface density of C*; 𝐽𝑆𝑖  is the flux of Si atoms that leave the interface; 
𝜌𝐺 is the density of graphene; h is the mean overlayer thickness; and K2 is the (first 
order) rate constant reaction [153]. The flux of Si atoms is modelled by means of Fick’s 
first law as 𝐽𝑆𝑖 ≈ 𝐷𝑆𝑖∇𝑐 that is approximated according to 𝐽𝑆𝑖 ≈ 𝐷𝑆𝑖
𝐶𝑖
ℎ
=
𝐾1
ℎ
, where DSi and 
Ci are the diffusion coefficient of Si in graphene and concentration of mobile Si (say, 
interstitials), respectively. In particular, Ci is expected to depend on temperature 
exponentially, through the equilibrium constant of the reaction above reported. 
Inserting the expressions of JSi in equation (14), the system of differential equations 
leads to the equation 𝜌𝐺 
𝑑2ℎ
𝑑𝑡2
=
𝐾1𝐾2
ℎ
− 𝜌𝐺 𝐾2
𝑑ℎ
𝑑𝑡
. Let us define dimensionless variables 
𝜏 = 𝐾2𝑡 and ℎ̅ =
ℎ
ℎ0
⁄ , being h0 the initial thickness of the overlayer, and the function 
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𝑧(𝜏) = (
𝑑ℎ
𝑑𝜏
)
2
. In the terms of these variables, equation (14) reduces to the following first 
order differential equation: 
1
2
𝑑𝑧
𝑑ℎ̅
+ √𝑧 =
𝐵
ℎ̅
      (15) 
Where =
𝐾1
𝐾2
1
𝜌𝐺ℎ0
2. The constant B depends on temperature through the Ki rate constants. 
Furthermore, 𝐾1 ≈ 𝑒𝑥𝑝 [−
𝑈𝑑
∗+𝐸𝑆𝑖
𝑘𝐵𝑇
] where 𝑈𝑑
∗  is the activation energy for Si diffusion in 
the overlayer and ESi the energy (standard enthalpy change) for the formation of 
interstitials, i.e. for the liberation of Si atoms. Provided the reaction for the attachment 
of C units is energy activated, 𝐾2 ≈ 𝑒𝑥𝑝 [−
𝑈𝐶
∗
𝑘𝐵𝑇
], with 𝑈𝐶
∗ effective activation energy for 
the reaction (13). 
From the knowledge of the solution of equation (15) the growth law h=h (t) can be 
eventually determined through inversion of the 𝜏 ≡ 𝜏(ℎ̅) function given by 
𝜏(ℎ̅) =  ∫
𝑑ℎ̅
√𝑧(ℎ̅)
ℎ̅
1
     (16) 
Equation (15) has been solved, numerically, as a function of the B parameter with initial 
condition z (1)=0. Typical solutions 𝑧(ℎ̅ ; 𝐵) are reported in Figure 44 in double 
logarithmic scale. The behaviour of z is found to depend, strongly, on B namely, on 
whether B is higher or lower than unity. The value B=1, is actually at the border that 
defines the transition between two regimes of the growth. For B<1 the kinetics is in 
accord with the equation (Figure 44 (b))  
𝑙𝑛𝑧 = 𝐵 − 2 ln ℎ̅ 
Which implies 
𝑑ℎ̅
𝑑𝜏
=  
𝐵
ℎ̅
  and leads to the parabolic growth law 
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ℎ(𝑡) = (
2𝐾1
𝜌𝐺
)
1
2⁄
 𝑡
1
2⁄      (17) 
with growth component equal to ½. On the other hand, for B>1 the thickness exhibits a 
complex behaviour that can be characterised, in a phenomenological way, by means of a 
time dependent growth exponent (Figure 44 (c)). The kinetic law equation (17) shows 
that an Arrhenius plot of multiplicative constant, = (
2𝐾1
𝜌𝐺
)
1/2
, gives the effective 
activation energy 
𝑈𝑑
∗+𝐸𝑆𝑖
2
, which depends upon both kinetic and thermodynamic 
quantities. In the regime of growth, where B<1 the evaporation of Si, equation (12), is 
rate determining whereas for B>1 equation (13) is expected to be so. There exists an 
intermediate range of growth, around ≈ 1, where both processes proceed at a 
comparable rate and rule the growth. Based on the XPS data analysis, which results in 
the exponent= 1 2⁄  the proposed approach lends support to a growth mechanism where 
Si diffusion through graphene is rate determining. In fact, for 𝐾1 ≪ 𝐾2 it follows that 
B<1. This condition is verified at least for the first three temperatures as witnessed by 
the very good fit of equation (17) to the experimental data. On the other hand, for the 
kinetics at the highest temperature the fit worsen and this implies the condition B<1 to 
be not well satisfied. We conjecture that at the highest temperature here analysed, the 
regime of graphene growth underwent a transition from B<1 to ≈ 1, where the 
condition B>1 is expected to hold in the limit of high temperature. 
As anticipated above, the Arrhenius plot of the temperature-dependent term of 
equation (17) gives the effective activation energy 𝐸 =
𝑈𝑑
∗+𝐸𝑆𝑖
2
. The Arrhenius plot of the 
β coefficient, as obtained by fitting the experimental kinetics, is displayed in Figure 45 
(c) and provides an activation energy of ~2.5eV [149]. We relate this figure to the 
quantity E, from which one obtains the value ~5eV for the whole barrier. Let us briefly 
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digress on this figure in relation with values available from the literature. First principle 
calculation of the energy barrier for vertical diffusion of Si in the (6√3 × 6√3) 
interface layer gives a value of 4.7eV and a value of 7.9eV for the whole barrier [153]. 
Interpretation of the experimental results based on the present approach gives an 
effective activation energy that is lower than this estimate. Variation of the energy 
barrier can be due to (1) the presence of defects at the interface and (2) the fact that 
under growth conditions (bottom-up growth) the composition of the substrate surface 
changes in time, and this affects the mean value of the energy for Si liberation, ESi. In 
addition, we remark that with reference to the process of Si evaporation our experiment 
is performed under conditions far from equilibrium: the vapour pressure of Si in the 
chamber is several order of magnitudes lower than the equilibrium value [75]. Under 
these circumstances, it is compulsory to focus on the kinetics of the reaction; the 
simplest way to accomplish this task is to employ phenomenological rate equations as 
discussed in this work. 
Finally, we comment on the experimental procedure employed to study the kinetics by 
means of successive steps of growth. We recall that each point on the curve of Figure 44 
is linked to the growth of graphene on an already formed overlayer. Each step of growth 
is of duration ∆𝑡 = 𝑡𝑛 − 𝑡𝑛−1, where tn is the time at step n (t1 = 0). ∆𝑡 is also the elapsed 
time between two successive XPS measurements. For the general growth law, 
𝑑ℎ
𝑑𝑡
=
𝐴
ℎ𝑝
  
(with Aa constant and ≠ −1 ) integration between time tn-1 and tn provides the 
thickness at running time tn: 
ℎ(𝑡𝑛) =  [𝐴(𝑝 + 1)(𝑡𝑛 − 𝑡𝑛−1) + ℎ(𝑡𝑛−1)
𝑝+1]1 (𝑝+1)⁄     (18) 
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Iteration of equation (10) provides ℎ(𝑡𝑛) =  [𝐴(𝑝 + 1)(𝑡𝑛) + ℎ(0)
𝑝+1]1 (𝑝+1)⁄ , that is, foe 
h (0)=0, fully consistent with the power-law ℎ(𝑡) = 𝛽𝑡𝛾 (𝛾 =
1
𝑝+1
). Therefore, the 
experimental approach employed here is certainly suitable for measuring growth 
kinetics with power-law behaviour. 
Summary: 
We derived a growth model for graphene on SiC as a function of time and of the 
annealing temperature, suggesting a bottom up growth mode that is governed by a 
square root law. 
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4.3 The transition from 3C SiC (111) to graphene captured 
by UHV STM 
 
The content of this section has been just submitted to Carbon as a regular paper (B. 
Gupta, E. Placidi, C. Hogan. N. Mishra, F. Iacopi, N. Motta, The transition from 3C SiC 
(111) to graphene captured by Ultra High Vacuum Scanning Tunneling Microscopy) 
[154] 
While the different reconstructions that appear on the SiC surface are well known, the 
details of the transformation from SiC to graphene are not completely clear, despite the 
large number of Scanning Tunneling Microscopy (STM) studies reporting atomic 
resolution images [5, 63, 79, 123, 134, 138, 155-159]. 
The analysis of the graphitic structures obtained by high temperature annealing of SiC 
and its different stages of reconstruction have been studied by Low Energy Electron 
Diffraction (LEED) since 1975 [66]. It has been recognised that the reconstructions 
leading to graphene are different for silicon (Si)-terminated and carbon (C)-terminated 
faces of 6H and 4H SiC.  
For the Si-terminated face, the reconstruction proceeds by increasing the annealing 
temperature through (3 × 3), (√3 × √3) 𝑅30°,(6√3 × 6√3)𝑅30˚ and graphene (1 × 1). 
(3 × 3) is a Si-rich phase and a very stable structure that consists of a complete Si 
adlayer on top of an uppermost bulk-like SiC substrate layer, which is usually obtained 
by annealing at 850˚C under Si flux. The adlayer contains no vacancies or corner holes, 
and it is covered by tetrahedral adatom clusters with three Si base atoms and one top Si 
atom per unit cell [160]; the base Si trimer lies on a twisted Si adlayer forming 
cloverlike rings on the Si-terminated face. This (3 × 3) translational symmetry is 
present under very Si-rich conditions [160], while the alternative (√3 × √3)𝑅30˚ 
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reconstruction is favoured by less Si-rich preparation conditions [131]. The amount of 
Si supply and the heating time and temperature thus determines the reconstruction of 
SiC before the graphene formation [161-163]. The (6√3 × 6√3)𝑅30˚ phase has a 
complicated surface reconstruction, and consists of (13 × 13) unit cells of graphene. 
This surface reconstruction is attributed to a C-rich phase, but does not have any 
graphitic properties, as the adlayer has a strong interaction with the substrate, and so it 
is considered a buffer layer or an interface layer. The buffer layer passivates the SiC 
surface, so that the subsequent C planes are only slightly attached to the substrate [73, 
76, 136]. Finally, the (1 × 1) graphene surface structure appears when the formation of 
graphene layer is complete on the surface. The above surface reconstructions do not 
depend on the SiC polytype, and they have been been found on all the hexagonally 
arranged surfaces of 3C, 4H and 6H SiC [70, 76, 97, 164-167].  
On the C-terminated face the (6√3 × 6√3) R30 ̊ reconstruction is not observed, while 
the (√3 × √3)𝑅30° has been rarely reported [79]. The most accepted sequence of 
graphene growth on the C-terminated face is (2 × 2)𝑆𝑖, (3 × 3), (2 × 2)𝐶  and (1 × 1) 
graphene [63, 73, 74, 76-78]. The two phases (2 × 2)𝑆𝑖 and (2 × 2)𝐶  occur from 
different surface treatments leading to Si- and C-rich structures respectively [76, 78]. 
The (2 × 2)𝑆𝑖 phase develops upon annealing in Si flux. This procedure also helps to 
remove surface oxides from the SiC samples [76, 133]. Further annealing of the surface 
leads towards (3 × 3) and (2 × 2)𝐶  surface reconstructions [63, 76] and finally to 
graphene growth.  
3C SiC (111)/Si (111) has also two polar faces (6H and 4H). Little attention has been 
given to the C-face while the Si-face has been studied comparably well. Graphene on Si 
terminated 3C SiC/Si (111) follows the same sequence of reconstuctions towards 
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graphene as on 6H SiC (0001) or 4H SiC (0001) [63, 91, 97, 168]. As mentioned above, 
the well known reconstruction phases on these polytypes are (3 × 3), (√3 × √3)𝑅30˚, 
(6√3 × 6√3)𝑅30˚ and graphene (1 × 1)[76, 163, 168-171]. Recently, Darakchieva et al 
[96] reported on the reconstruction of the C face of 3C SiC (111), confirming by LEED 
the absence of the (6√3 × 6√3) R30° phase as in 6H and 4H SiC. 
Notwithstanding the number of studies reported for EG on 3C Si[87, 90, 99, 101, 103, 
133, 172, 173], so far the details of the atomic transformation leading to the formation 
of graphene have not been clarified. 
In the present work, we analyse by STM the transformation of 3C-SiC(111) in graphene 
caused by high temperature annealing in UHV. We have been able to capture high-
resolution images of the different kind of reconstructions leading to graphene 
formation. We explain the sequence for the first time with the help of DFT-LDA 
calculations, thus achieving a full picture of the reconstructions and graphene growth 
on 3C SiC (111). However, as the stacking sequence of the first four atomic planes in 3C 
SiC(111) is similar to that of 6H and 4H SiC (0001), the validity of our findings can be 
extended also to the 6H and 4H phases. 
Experiment: 
A 250nm thick layer of 3C SiC (111) was grown on Si (111) by the alternating supply 
epitaxy method [133, 174]. Our 3C-SiC/Si(111) samples are C-terminated as 
determined by the CVD growth process [85]. The substrates were treated with the 
procedure illustrated in section 3.2.3 except the step of 900°C annealing with Si flux. 
The samples were annealed by direct current heating at 1250 ̊C for the graphene 
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formation. The sample was left in UHV for 30 mins to cool down and then STM 
measurements were performed. 
STM Studies: 
Based on our STM images we believe the transition occurs in two subsequent steps:  
1. Transition of SiC surface from (√3 × √3)𝑅30˚ to(
3
2
× √3) 𝑅30˚. 2 
2. Transition from(
3
2
× √3)  𝑅30˚ to monolayer graphene. 
Transition from (√𝟑 × √𝟑)𝐑𝟑𝟎˚ to (
𝟑
𝟐
× √𝟑) 𝐑𝟑𝟎˚ 
In Figure 45 (a) we observe the coexistence of two different reconstructions, with a 
progressive transition from one to the other. We follow the transiton going from the 
right to the left in the image, as we believe this is the direction of the transformation. To 
enhance the effect we have drawn circles around the brighter atoms in Figure 45 (b), 
with black circles in the left region and blue circles in the right region. At the right side 
of the image we notice the formation of hollow hexagons with 3 brighter and 3 darker 
atoms. The holes at the centre of the hexagons and the brighter atoms form a quite 
regular hexagonal centered network with a lattice constant of 5.3±0.05 Å (Figure 45c), 
very close to (√3×a)=5.35Å, indicating a(√3 × √3) R30 ̊ surface recostruction of the SiC. 
On the left side of the image the central holes and the hexagons have shrunk and the 
atoms now appear arranged in parallel lines with alternated dark and bright atoms. The 
periodicity along these lines is 5.2±0.05Å. 
                                                        
2We will show later that (
3
2
× √3) 𝑅30˚reconstruction fits more with a quasi (2 ×
2) Symmetry of graphene, but we will maintain this notation for a straightforward 
comparison with the close (√3 × √3)𝑅30˚ symmetry commensurate with SiC (111) 
surface. 
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Figure 45: (a) (𝟑. 𝟔 × 𝟑. 𝟔)nm2 STM image (V=60mV I=80pA) of 3C SiC (111) after annealing at 
1250 ̊C showing the coexistence of two different reconstructed phases. (b) Same image with black 
and blue circles around the brighter atoms to indicate the two different reconstructions. (c) 
the(√𝟑 × √𝟑)𝐑𝟑𝟎 ̊reconstruction. (d) The (
𝟑
𝟐
× √𝟑)R30 ̊ reconstruction. The blue arrows represent 
the direction of reconstruction [154]. 
 
The two bright atoms across the lines are spaced by 4.6±0.05Å, matching a nominal 
(
3
2
× √3)R30 ̊ surface reconstruction (Figure 45 (d)). The smoothness of the transition 
from one reconstruction to the other is clearly shown in Figure 46, where the profile of 
two nearby lines of atoms indicates the shrinking of the interatomic distance going from 
right to left. In fact, the periodicity along line 2 changes from 5.3±0.05 to 4.6±0.05Å 
(coherently reading from right to left), while along line 1 the length of the oscillations is 
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constant, equal to 4.6±0.05Å. In addition, looking at the orientation of the two-atoms 
element identifying the cell, one can notice their axis progressively twisting by 30°. 
 
 
Figure 46: Profiles of the STM image of Figure 2, showing the change in the atomic positions: going 
from right to left the distance of profile-2 (green) is gradually decreasing until matching that of 
profile-1 (purple), which remains nearly the same [154]. 
 
We have simulated the (√3 × √3)reconstruction of SiC by using density functional 
theory in the local density approximation (DFT-LDA) and a plane wave/pseudo 
potential scheme [175]. Surfaces were modelled using slabs containing 6 SiC (111) 
bilayers, back terminated with hydrogen, allowing the front most 4 atomic layers to 
relax. Hydrogen is used for the saturation of the back terminated part in order to 
eliminate dangling bonds, which could give rise to spurious interactions or charge 
transfer between the two slab surfaces. STM images were computed using the Tersoff-
Hamann approximation [176] at constant current and at the same bias voltage 
(+0.06eV) at which the STM images were taken. However, the images looked very 
similar even up to +1eV. 
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Figure 47: Simulated STM images of the (√𝟑 × √𝟑) phase using two different configurations: (a) 
one missing Si atom per unit cell; (b) with a C atom substituting a Si atom. Si atoms: larger in 
green; C atoms: smaller, in yellow [154] 
 
Figure 47 shows computed STM images of the bulk truncated 3C SiC(111) surface 
alongside models of the relaxed geometries (only the top layer is shown) featuring one 
missing Si atom per (√3 × √3) unit cell (a) and additionally with a C atom substituting a 
Si atom (b). The bottom image resembles very closely the observed image for the 
(√3 × √3) reconstruction (see Figure 45) and thus reflects the onset of the 
transformation of SiC into graphene. We were not able to obtain a stable structural 
model of the(
3
2
× √3) R30 ̊reconstruction, due to the fact that this is incommensurate to 
the 3C SiC (111) surface cell, and it is thereby difficult to simulate within periodic 
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boundary conditions. We interpret the incommensuration with the SiC surface as an 
indication of the transition to graphene, speculating on a possible detachment of the 
topmost layer from the bulk. Such a layer might not be stable when connected to the 
bulk due to the awkward coordination with the 3C SiC (111) cell underneath, while the 
detachment may help to lower the elastic energy. For the sake of completeness we show 
a tentative model for the (√3 × √3)R30 ̊ phase, the (
3
2
× √3)R 30 ̊ phase and the 
transition between them (Figure 48). It is evident how the (√3 × √3)R30 ̊ closely 
matches the SiC structure, while the (
3
2
× √3)R 30 ̊ is out of registry.  
 
Figure 48: Model for transformation of one phase into the other, starting from right and going to 
left, which includes the (√𝟑 × √𝟑) R30  ̊ unit cell (right most), and the (
𝟑
𝟐
× √𝟑) R30  ̊ unit cell (left 
most). Small red dots represent the lattice arrangements (surface atoms) of 3C SiC/Si (111), with a 
unit vector equal to ‘a’. Dots of light and dark blue represent the reconstructed atoms of higher 
and lower intensities on the 3C SiC. The rotation angle between the surface atoms and the bulk is 
30 ̊ [154] 
 
Transition from (
𝟑
𝟐
× √𝟑) to graphene 
In Figure 49 (a) we notice a residual of the (
3
2
× √3) reconstruction, evidenced by the 
left yellow rhombus in Figure 50 (c). By measuring the bright atoms distances carefully 
we find that the cell parameter is now 4.9±0.05Å instead of 5.2±0.05Å. This last distance 
corresponds to the graphene (2×2) reconstruction, and strengthens our hypothesis that 
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the (
3
2
× √3) is a precursor of the graphene formation. Figure 50 shows a tentative 
overlap of a(4.6 × 5.2)Å2 cell with the graphene (2 × 2) lattice cell. If we consider a 
(2 × 2) supercell of graphene, we obtain a (4.9×4.9)Å2 rhombus. From the picture, it 
appears clearly that the (
3
2
× √3) R30 ̊ cell can be fitted to the graphene (2 × 2) with a 
little compressive distortion. The surface ratio between (
3
2
× √3) R30 ̊ and a (2 × 2) 
graphene is around 0.99, i.e. an area compression of only 1%. The ratio of (√3 ×
√3)R30° to the graphene lattice is instead 1.18 and it would require a high distortion 
energy, which makes the transition from (√3 × √3)R30° to graphene very expensive 
from an energetic point of view. 
Because of this relaxation, we label the reconstruction as (2×2) in Figure 49. It must be 
noticed as well that, going from the bottom to the top of the image in Figure 49 (a), 
some atoms gradually disappear from the reconstruction, both from the topmost layer 
and from the layer below. At the top right end it is possible to see clearly the (1×1) cell 
of the monolayer graphene (hexagonal structure), with a periodicity of 2.45±0.05Å 
(Figure 49 (b)). The relaxation of the (
3
2
× √3) phase to a graphene (2 × 2) 
reconstruction is likely to be related to a further Si sublimation that disconnects locally 
the topmost layer from the bulk, and allows the reconstruction to match the graphene 
symmetry. 
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Figure 49: Transformation of the (
𝟑
𝟐
× √𝟑) R30 ̊ unit cell into a 2×2 cell and to graphene. (a) STM 
image (bias-0.02V; current-80pA) of the (2×2) region (former (
𝟑
𝟐
× √𝟑) R30 ̊) where it is possible to 
see the transformation going from bottom left to top right. (b) STM close up image of the graphene 
region (bias-0.02V; current-80pA) (c) Image (a) with the 2×2 structures superimposed. (d) Image 
(b) where the blue hexagons with a 2.45±0.05Å periodicity indicate the graphene area [154] 
 
In total, the (√3 × √3)R30 ̊ phase still matches the 3C SiC surface while the (
3
2
×
√3)R30 ̊ is actually a distorted (2 × 2)graphene, which is likely to be induced by the Si 
atoms, i.e. by their residual sp3 hybridisation. Because of the Si atoms desorption, the 
distances converge firstly to a (2 × 2) phase and finally to a (1×1) graphene layer once 
the Si desorption has completed. Figure 51, which displays the graphical image of SiC to 
graphene transformation, has been shown below. 
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Figure 50: A comparision between (
𝟑
𝟐
× √𝟑) R30 ̊ unit cell (black) and a graphene (𝟐 × 𝟐)cell (blue). 
[154] 
 
 
Figure 51: Graphical image of SiC to graphene transformation [154] 
 
 
Summary: 
We have been able to capture, for the first time, clear snapshots of the transformation 
from 3C SiC (111) to graphene caused by high temperature annealing. By using a 
combination of STM and first principle calculations, two main reconstructions have 
been recognised on SiC: a (√3 × √3)R30° and a (
3
2
× √3) R30°. It has also been 
suggested that these reconstructions are caused by the decrease of the density of Si 
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atoms on the surface. The (
3
2
× √3) R30° phase, which does not match well with the SiC 
cell, is actually a slightly distorted graphene (2 × 2), indicating the pathway for the 
transformation. The sublimation of more Si atoms leads in fact to the appearance of 
graphene (1 × 1) as confirmed by the STM images. 
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4.4 Electronic effect on epitaxial graphene obtained due to 
defect: A STM study 
 
A single sheet of graphene exhibits unexpected electronic properties that arise from 
quantum state symmetries, which restricts the scattering of its charge carriers. It has 
been shown that epitaxial graphene on SiC substrates is a hope for new graphene-based 
nanoelectronics [4]. Understanding the role of defects in the transport properties of 
graphene is central to realising future electronics based on carbon. An interesting study 
regarding the defects and their effect has been made by Rutter et al [177], who have 
shown that the transport properties in epitaxial graphene are critically influenced by 
the defects.  
The quality of epitaxial graphene in comparison to the micromechanically cleaved 
graphene flakes is poor, because of the 20% lattice mismatch between 3C SiC (111) and 
Si (111) and due to the presence of defects on the surface. In this section I describe a 
number of different types of long-range electronic perturbations found on graphene 
grown on unpolished 3C SiC (111) substrate.  
 
Experimental Details: 
The 3C SiC/Si (111) (roughness 2.5nm of (5×5)µm2 area) samples were treated as 
described in section 3.2.3, to obtain a clean graphene surface. 
STM studies: 
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Figure 52: STM topographic images of defects in the bilayer epitaxial graphene. (a) AB stacking of 
graphene bi layer with periodicity of 2.46Å, point defects and mounds are shown in the region 
labelled by (A), (B) and (C) respectively (Bias: -0.05V; I:1.5nA). The ring kind of structure present 
in between two point defect and mounds is (√𝟑 × √𝟑)𝐑𝟑𝟎° super structure with respect to 
graphene lattice is represented by the blue arrow. (b) A more improved image of ring structure 
indicated by arrow mark. 
 
In the presence of bi/multilayer graphene we have observed the (√3 × √3)R30° super 
structure with respect to graphite lattice. The high-resolution STM topographic images 
show the atomic structure and different types of disorder that were obtained from EG 
on 3C SiC (111). Figure 52 (a) shows two types of defect, point defects (labelled as ‘B’) 
and mounds (labelled as ‘C’). The two point defects appear to be similar to each other. 
This could also be a result of double tip. The heights of the point defects ranges from 
0.18-0.27±0.05nm while the mounds are about ~0.4nm high and are surrounded by 
large strong distortions of the local lattice images [177]. These distortions are of 
electronic origin and are accompanied by large increases in the local density of states at 
the defect site [178]. Our graphene lattices are perturbed by the presence of this kind of 
mound whereas Rutter et al observed graphene structure is unperturbed by this kind of 
mounds [177]. The interference is a chain-like structure (pointed by blue arrow), with a 
periodicity of 4.26±0.05Å, corresponding to √3a (√3 ×2.46Å= 4.26Å) (a) being the 
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graphite lattice constant). Similar periodicity but different structures/patterns of this 
interference have been also found in other defect rich regions (Figure 53).  
 
 
 
 
Figure 53: (a) Atomic resolution image of several electronic effect caused by defects (V: 0.07V; I: 
1nA). Two different colours of arrows are used for different structures. (b) Charge oscillations, 
similar to Friedel oscillations (blue arrow region of panel (a)) probably caused by a defect 
(V=0.1V; I: 700pA). (c) Purple arrow region of panel (a) measured at different bias and current 
(V=-0.1V; I: 1.7nA). The(√𝟑 × √𝟑)𝐑𝟑𝟎° (unit cell marked in blue) has periodicity of √3a. (d) Same 
region of panel (c) (Bias: -0.1V; I: 1.7nA) with different scanning conditions. 
 
Figure 53 (a) shows several patterns of electronic interferences caused by different 
kinds of defects present on the surface. The different electronic interference regions are 
marked by arrow of different colours; the areas containing these structures are shown 
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at higher magnification in Figure 53 ((b), (c) and (d) respectively). These defects 
perturb the charge density, giving oscillation similar to Friedel oscillation. Figure 53 (b) 
shows an oscillation with periodicity (√3 × √3)R30° of the graphite lattice [179]. 
Similar kind of defects have also been reported for EG on 6H SiC (0001) [151] and for 
graphite [179]. Figure 53 (c) shows a general pattern of (√3 × √3)R30° with respect to 
graphite lattice obtained at bias: -0.1V and higher current 1.7nA. In this image, both the 
lower and higher intensity atoms can be observed. Figure 54 shows a model of this 
image, where lower intensity atoms are marked in pink. In Figure 53 (d) the atomic 
arrangement is similar to that of Figure 53 (c), but only the atoms in the (√3 ×
√3)R30° position are clearly visible. It is possible that the difference between these two 
images is caused by variations of sharpness of the STM tip. The(√3 × √3)R30°unit cell 
has been marked with a blue rhombus in both Figure 53 (c) and (d). We believe that 
these real space images are due to long-range electronic perturbations. Formation of 
super lattice is neither the result of physical movement of atoms, nor an artefact of the 
tip, but is instead due to a change in the electron density at the Fermi energy. These 
super lattices are associated with various other defects, including grain boundaries and 
holes in the surface [179]. 
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Figure 54: model for (√3×√3) R30 ̊ with respect to graphene lattice. 
Summary: 
This section presents the different long-range electronic perturbations that have been 
found on the unpolished 3C SiC (111) after graphene growth. The different patterns of 
electronic effect are result of different types of defects present on the surface, which 
might influence the transport properties of graphene.  
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4.5 A comparison between epitaxial graphene growth on 
unpolished and polished3C SiC (111) substrates 
 
As explained in 3.2.1, four different kind of unpolished and polished samples were used 
to find out the best 3C SiC (111)/ Si (111) substrate for epitaxial graphene growth in 
UHV:  
a) 250nm thick unpolished 3C SiC (111) from Griffith University (250-UP) 
b) 1µm thick unpolished 3C SiC (111) from Griffith University (1000-UP) 
c) 1µm thick chemically mechanically polished (CMP) from Griffith University (1000-
CMP-G) 
d) 1µm thick CMP purchased from Novasic Company (1000-CMP-N).  
The experimental details for section (4.5.1) are the same as those illustrated in section 
3.2.3, except the temperature. In this section I compare roughness and surface 
morphologies of different substrates. The changes in surface morphologies due to this 
procedure, before and after graphene growth, are studied by STM. The changes in 
roughness of the unpolished and polished substrates, which are calculated through 
STM, are also discussed. Chemical composition and quality of graphene are determined 
by XPS and Raman, respectively.  
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4.5.1 Results obtained from unpolished and polished 3C SiC 
(111)/Si (111) substrate 
 
Experimental details: 
The experimental details are the same as in 3.2.3. The final annealing temperature for 
epitaxial graphene growth is between 1175 ̊C and 1275 ̊C.  
STM Studies: 
The STM images of a (5×5)µm2 area for different unpolished and polished 3C SiC (111) 
substrates after annealing at 1250 ̊C are shown in Figure 55. It is difficult to appreciate 
the changes in surface morphology due to graphene growth in a (5×5)µm2 STM image. 
Therefore, only one image is shown before and after epitaxial graphene growth. 
The roughness of the as received unpolished 3C SiC (111) samples was calculated by 
STM on a (5×5)µm2 area, and it is dependent on the amount of defects present on the 
surface (Table 5). The initial surface roughness of the 250-UP substrate is ~3.15 ± 0.5 
nm (if we include the defect marked by the white box in panel a) and ~2.35 ± 0.5nm 
without it. For the 1000-UP, 1000-CMP-G and 1000-CMP-N the initial surface roughness 
is ~5.2 ± 0.5, 0.7 ± 0.5, 0.7 ± 0.5nm respectively. After graphene growth, the surface 
roughness changed to ~2.7 ± 0.5 (3.5 ± 0.5 for defect present area), ~5.09 ± 0.5, ~1.32 ± 
0.5, ~1.86 ± 0.5 respectively. It can be noticed that polishing reduces significantly the 
surface roughness. It is interesting to note how the typical triangular features of 3C SiC 
(111) due to the dislocations are small for 250-UP whereas they are large for all the 
1µm thick samples, indicating a release of the stress with the thickness. Polishing clearly 
decreases the roughness and these features look much smoother. 
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Figure 55: Surface morphology of (5×5)µm2 STM images of epitaxial graphene growth on (a) 250 
UP - unpolished 250nm thick 3C SiC (111) (Vb: 2V; I: 1nA); the white box marks the presence of a 
defect; (b) 1000 UP - unpolished 1µm thick 3C SiC (111) (Vb: 2V; I: 0.6nA); (c) 1000 CMP G - 1µm 
thick (Vb: 21.5V; I: 800 pA); and (d) 1000 CMP N - 1µm thick 3C SiC (111) purchased from Novasic 
Company (Vb: 2V; I: 1nA). 
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Table 5: Roughness (nm) of (5×5)µm2 area of before and after graphene growth on 3C SiC (111) 
samples measured by AFM and STM 
 
Sample 
condition 
Sample type and roughness (nm) 
3C SiC (111) 
unpolished 
250nm thick 
 
3C SiC (111) 
unpolished 
1µm thick 
3C SiC (111) 
CMP 
 1µm thick 
Novasic 
Sample CMP 
1µm thick 
Novasic 
Sample 
CMP 
hydrogen 
etched  
Code 250-UP 1000-UP 1000-CMP-G 1000-CMP-N  
Primary ~2 to 3 5.14  ~0.7 ~0.7 ~0.7 
After 
graphene 
growth 
~2.7 to 3.5 5.09  ~1.32 ~1.86 ~1.47 
 
Figure 56 shows the surface morphology of a (1×1)µm2 area of the four samples after 
annealing for graphene growth. The graphene step formation is clearly visible in the 
polished samples 1000-CMP-G (Figure 56 (c)) and 1000-CMP-N (Figure 56 (d)). In the 
latter the flat areas are larger and the number of steps is smaller. 
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Figure 56: (1×1)µm2 STM images of epitaxial graphene growth showing the surface morphology 
(a) 250-UP (Vb: 2V; I: 1nA); (b) 1000-UP (Vb: 2V; I: 0.6nA); (c) 1000-CMP-G (Vb: -0.5V; I: 570 pA); 
and (d) 1000-CMP-N (Vb: 2V; I: 730 pA). 
 
Figure 57 shows high-resolution images of the different samples after graphene growth 
by annealing at 1250 ̊C. Several terraces along with a remarkable amount of clusters are 
present on the surface. The terrace width varies between 3 to 7nm. 
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Figure 57: STM images of epitaxial graphene step formation on (30 ×30)nm2 area on (a) 250-UP; 
and (b) 1000-CMP-G (Vb: 0.98V; I: 900pA). (c) Shows the real space enlarged image of white 
dashed line marked area of (b), which (6√3×6√3) R 30 ̊surface reconstruction (Vb: 0.82V; I: 
440pA) obtained from 1000-CMP-G. (d) Step fromation on 1000-CMP-G (Vb: 1.5V; I: 100pA) (Vb: 
0.1V; I: 400pA). The insert shows the enlarged real space image of white marked region, which 
shows the moiré pattern, and the (6√3×6√3) R 30 ̊and (6×6) unit cells are marked in solid and 
dashed blue lines respectively. ‘A’ is a defect. 
Due their high surface roughness, it was not possible to obtain atomic resolution on 
1000-UP substrates. The atomic-resolution images of monolayer and bilayer graphene, 
obtained from 250-UP substrates, have been discussed in section 4.1 and 4.2. 
119 
 
Figure 57 (b) shows the epitaxial graphene step formation on 1000-CMP-G samples. It 
shows a system of terraces all over the surface with very little or no clusters on the top. 
Terrace widths are between 5–20nm. Different kinds of surface reconstructions can be 
noticed on the terraces. Further zooming in one of these regions shows the (6√3×6√3) 
R30 ̊reconstruction (Figure 57 (c)). 
Figure 57 (d) shows that the terraces obtained on polished Novasic samples are larger, 
with an average width of 10–30nm. The image also shows some of the surface 
reconstructions visible on the top (white dotted line). While zooming in the marked 
regions, the STM image reveals rings in a distance corresponding to the quasi (6×6) 
periodicity along with (6√3×6√3) R30 ̊ super structure [136]. The unit cell of both 
structures has been represented by blue markers (insert-Figure 57d). A defect “A” 
(named for convenience) on the quasi (6 × 6) structure has also been noticed on the 
surface due to the right hand side (6 × 6) periodicity, which has been little bit 
disturbed. 
 
XPS Studies: 
Figure 58 shows the high-resolution XPS spectra of epitaxial graphene grown on 
different types of substrates annealed at ~ same temperature (1250 ̊C). The C1s peak 
consists of three different kinds of carbon peak: C in SiC (~283eV), graphitic carbon 
(G~284.6eV) and C in the interface layer (I~285.8eV). The number of graphene layers 
(~4.5±0.5) has been calculated using the intensities ratio of SiC and graphene peak as  
in section 4.1 [133]. 
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Figure 58: XPS spectra of epitaxial graphene grown on different type of substrates. The SiC, 
graphitic carbon and Interface layers (I) are represented by purple, green, and brown, 
respectively. 
 
Raman studies 
Figure 59 shows the Raman spectrum of 3C SiC (111) substrates annealed between 
1225 ̊C and 1275 ̊C. The three signature bands of graphene: D, G and 2D are obtained at 
~1361.7, ~1606.7 and ~2719.4cm-1. In addition, a D+G band also has been obtained for 
all (unpolished and polished) 3C SiC (111) substrates. The bands are explained in 
section 4.1. With the 1000-UP samples, the second order Raman features between 1450 
to 1750cm-1 are pronounced [143, 180]; whereas, these additional features of SiC were 
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not present on the graphene grown on 250-UP sample Figure 59 ((a) and (b)). After 
polishing these features are more pronounced (Figure 59 (c) and (d)) for Griffith 
substrates, while not present for Novasic substrates. 
 
Figure 59: Raman Spectrum of unpolished and polished substrates annealed at different 
temperature. 
 
The graphene D band is present on all the unpolished and polished substrates, which 
indicates the presence of defects on the substrates. The FWHM of 2D peak for polished 
substrates is close to epitaxial graphene obtained for monolayer graphene on 6H SiC 
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(0001) substrate (60cm-1) and bilayer graphene is 95cm-1, respectively [180]. However, 
the FWHM of unpolished substrates is around 105cm-1. This indicates a poor 
crystallinity of epitaxial graphene obtained from unpolished substrates. Moreover, the 
intensities ratio of G and band 2D band (for Griffith polished samples) we have obtained 
is 0.32 and 0.47 for 1225 ̊C and 1250 ̊C respectively. The IG/I2D intensity ratio for 
monolayer graphene grown Cu foil through CVD is ~0.5 [51]; whereas, for monolayer 
graphene grown on Ni foil through CVD it has been found to be ~0.18, and for bilayer 
~0.35 [47]. By observing the position, FWHM and IG/I2D ratio, it is justified to say that 
the spectrum shown in Figure 59 (d) is a monolayer graphene. Additionally, the grain 
size obtained is 8nm, which is, comparatively, somewhat smaller than graphene grown 
on unpolished substrate, but still of a good quality, as observed from the STM images. 
The Raman data belongs to other substrates is shown in Table 10. 
 
Discussion: 
In this section we have used different unpolished and polished 3C SiC (111) substrates 
for EG graphene growth between 1175 ̊C to~1275 ̊C in UHV to choose the best substrate 
for graphene growth. Polished substrates produce better results in terms of terrace 
widths and reduced roughness leading to an improved graphene quality. 
The roughness of all different types of 3C SiC (111) substrates, before and after 
graphene growth in UHV are summarised in Table 9, showing a drastic improvement in 
initial surface roughness after chemically mechanically polishing the substrate. 
After graphene growth, a general trend of increase in the surface roughness was found 
for all types of substrates, including unpolished substrate. The lowest roughness after 
graphene growth was obtained from CMP Griffith substrates (1000-CMP-G). Hydrogen 
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etching was also helpful in reducing the roughness to a certain extent, but no definite 
results were obtained due to a possible contamination in the H gas line. An 
improvement in step width (~15 to 40nm) was obtained but, unfortunately, atomic-
resolution images were hampered by the clusters formation. Results obtained from XPS 
analysis on all the four samples are very similar, showing that the EG layer thickness is 
unaffected by the roughness of the substrate. This means the growth model described in 
section 4.1 and 4.2 are valid for polished samples as well.  
The Raman data is summarised in Table 10. We notice that the position of D, G 
and 2D band is a function of the type of substrate in use. For example: The G band 
position for unpolished samples is ~1606.7cm-1 while for CMP samples it is 1603cm-1. 
The intensity (area) of D band indicates the size of the graphene crystals. The D band 
intensity decreased after CMP for Griffith samples. The highest D band intensity was 
observed for a sample purchased from Novasic, and after hydrogen etching this 
intensity reduced during graphene growth. The largest crystal size is obtained in the 
1000-CMP-N (~17nm), and hydrogen etching helped to increase this size to (~18nm). 
The 2D band of epitaxial graphene can be fitted with a single Lorentzian peak for all 
temperatures. For each type of 3C SiC (111) substrate, no kind of multiple 2D peak 
structure was observed according to the temperature [143]. However, a remarkable 
change in FWHM and intensity was observed. The FWHM has been drastically reduced 
to 76 for the polished sample compared to the value of 102 obtained in the unpolished 
samples. This confirms the better crystallinity and larger area graphene in polished 
samples. The crystalline size of graphene measured from the IG/I2D intensity ratio for 
different samples are shown in Figure 60.  
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Figure 60: A comparison of crystalline size of graphene and number of layers of graphene 
obtained from unpolished and polished substrates. 
 
The analysis shows that the Raman data was affected by the roughness of the 
substrate. From this I believe that Raman characterisation is much more precise than 
XPS, as it covers only a small area (1µm/1mm) and through which an exact quality of 
the graphene layer can be obtained. Although XPS was not so helpful in determining the 
quality, it is still the best tool to obtain the number of layers of graphene, and to know 
the chemical composition and bonding between them through binding energy and 
shape of the peak. 
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Table 6: Raman data of graphene grown on unpolished and polished substrate 
Sample type D band G band 2D band IG/ID La (nm) 
=2.4×10-10 
(λl)4 (IG/ID) 
IG/I2D 
Position Area FWHM Position Area FWHM Position Area FWHM 
Unpolished 
(250nm) 
1275 ̊C 
1361.7 386251.8 60.44 1606.7 207785.3 70.14 2719.4 52960 102.2 0.54 10.33 3.92 
Unpolished 
(1µm) 1250 ̊C 
1365.61 2381585 74.32 1612.97 894146.8 56.56 2726.13 1222235 104.25 0.37 7.21 0.73 
CMP (1225 ̊C) 1360.05 66875.12 46 1603.32 28115.12 52.6 2722.01 87558.16 76.76 0.42 8.08 0.32 
CMP (1250 ̊C) 1361.79 83017.92 51.02 1608.44 32266.08 49.32 2713.93 68955.38 88.66 0.38 7.47 0.47 
Purchased 
CMP 
1250 ̊C 
1358.85 1207839 53.16 1592.05 1078573 66.55 2704.85 929470.3 80.98 0.89 17.14 1.167 
Purchased 
CMP H+ 
etched 1270 ̊C 
1356.3 421694.1 49.65 1594.6 394895.9 50.81 2709.92 305437.3 79.33 0.936 17.9 1.29 
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Summary:  
In summary, chemical and mechanical polishing of the SiC substrate is the better choice 
to improve the quality and size of the graphene. By using the polished 3C SiC (111) 
substrates, the initial surface roughness can be brought down from ~5nm to 0.7nm. This 
helps in creating larger homogeneous areas, as shown in (5×5)µm2 images. As a result, 
the graphene formation on terraces has been significantly improved with negligible 
amount of cluster formation on the surface. It must be noticed that the defect related “D-
band” is always present with any kind of 3C SiC (111)/Si(111) substrate. This indicates 
a limit in the formation of large area graphene, which has still to be overcome. 
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4.6 A comparison between epitaxial graphene grown on 
polished 3C SiC (100)/Si (100) and 3C SiC (111)/Si 
(111) 
 
In this section, a comparison between EG growths on Chemically Mechanically Polished 
(CMP) 3C SiC (111) and 3C SiC (100) is discussed. 
Experimental: 
A 1 µm thick epitaxial 3C SiC (111) and (100) surface is grown separately on Si 
substrate by ASE method (explained in section 3.2.1). To reduce the initial surface 
roughness, both Novasic and Griffith samples are chemically mechanically polished 
(CMP), drastically reducing the surface roughness. Experimental details are the same as 
in section 4.1. For graphene growth, both samples were annealed at 1250 ̊C for 10 mins. 
The samples are characterised by using AFM, STM, XPS and Raman spectroscopy.  
Results (STM studies): 
To know the quality of graphene on top of 3C SiC substrates, it is important to visualise 
the surface via AFM or STM, so that nano scale level information can be obtained, which, 
in turn, will be helpful for the further improvement of the surface morphology. Figure 
61 (a1 and b1) shows AFM surface morphology of 3C SiC (111) and (100) before 
polishing. Figure 61 shows the typical features of both of the surface (triangular-3C SiC 
(111) and square-3C SiC (100). This has been imaged by AFM (before CMP) and STM 
(after CMP). The roughness of as grown samples are 5.14 and 14.53nm for (111) and 
(100) surface, respectively. From roughness and surface topography image of AFM, it is 
noticed that the (100) surface is ~ 3 times more rough than (111). After CMP, the 
roughness of the surface has been drastically reduced (Figure 61 (a2 and b2)) to 0.7nm 
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and 1.1nm for (111) and (100) surface, respectively. These surface roughnesses were 
measured by AFM. 
 
Figure 61: A comparison of 3C SiC (111) and 3C SiC (100) substrate before and after CMP. (a1 and 
b1) AFM image of surface morphology of a (5×5)µm2 area of unpolished 3C SiC (111) and 3C SiC 
(100) respectively (courtesy of Mr. Neeraj Mishra). (a2 and b2) STM images of respective surface 
morphology after CMP (bias: 2V and I: 800pA). 
 
 
Figure 62 shows STM images of the surface morphology of (111) and (100) after 
graphene growth at 1250 ̊C.  
Figure 62 (a) shows the surface morphology of EG growth on 3C SiC (100) surface. 
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Figure 62: STM images of surface topography of EG growth on 3C SiC (100) and 3C SiC (111). (a) 
(500×500)nm2 area 3C SiC (100) (bias: 1.7V; I: 800pA) showing two kinds of surface (marked in 
blue dotted line). The enlarged image of these has been shown in (i) and (ii) (bias: 1.5V; I: 200pA). 
(b) 3C SiC (111/0 surface after graphene growth showing steps all over the surface. The enlarged 
image is shown ((i) corresponding mark blue dotted line), which shows a clear image of (𝟔√𝟑 ×
𝟔√𝟑)𝐑 𝟑𝟎° surface reconstruction (bias: 1.2V; I: 400pA). 
 
STM image reveals two different kinds of surface pattern on the (100) surface. Enlarged 
images of these patterns are shown in (i) and (ii) respectively, as indicated by blue 
dotted line. The surface does not appear smooth, as in (i) several long features with 
small width of graphene layer can be seen, and in (ii) the area is covered by clusters. 
However, EG growth on 3C SiC (111) shows ( 
Figure 62 (b)) a homogeneous graphene formation on the steps all over the surface. The 
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enlarged image shows a (6√3×6√3) R30 ̊ surface reconstruction on the terraces with a 
small number of clusters present on the surface. 
XPS studies: 
 
Figure 63: High resolution C1s spectra of 3C SiC (100) and 3C SiC (111) after annealing at 1250 ̊C. 
 
Figure 63 shows high-resolution C1s spectra of 3C SiC (100) and 3C SiC (111) after 
annealing at 1250 ̊C. The SiC, graphene and interface peaks are labelled as SiC 
(~283.1eV), G (~284.5eV) and I (~285.9eV), respectively. The red dots represent the 
original data, and the brown line represents the peak fitting of original data. The change 
in the C1s peak shape due to annealing is nearly similar for both the substrates at 
1250 ̊C. The graphene layer thickness calculation for both substrates has been done by 
taking the respective intensities ratios of Graphene peak and SiC peak (details are 
explained in section 4.1). The number of graphene layers obtained from 3C SiC (100) 
and 3C SiC (111) were 3.9 ± 0.5 and 4.60 ± 0.5 respectively. The 3C SiC (100) produces 
~1 layer less graphene than the 3C SiC (111) at 1250 ̊C, but this difference is within the 
experimental error. 
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Raman Studies: 
 
Figure 64: Raman spectra of (a) EG grown on 3C SiC (100) and (b) EG grown on 3C SiC (111). 
 
Figure 64 shows the Raman spectra obtained from graphene grown on 3C SiC (100) and 
on 3C SiC (111). The Raman spectrum of graphene exhibits a relatively simple structure 
characterised by three principle vibrational bands designated as the D, G, 2D band 
[129]. The D peak, as mentioned before, relates directly to the amount of disorder 
present in the graphene, which allows it to be used as a benchmark for graphene 
quality. An important fact that we have observed is that only polished (CMP) SiC 
substrates exhibits a couple of peaks between 1450 and 1750cm-1, which may obscure 
the G band of graphene [143]. In case of EG grown 3C SiC (100) these bands are small; 
however, for 3C SiC (111) it is bigger. The D, G and 2D bands position, area and FWHM 
are summarised in Table 11. The peak positions of D, G and 2D bands are different for 
two different substrates, which indicates the peak positions are dependent on the 
substrate and substrate quality. The D peak intensity and FWHM of graphene grown on 
3C SiC (100) is higher than the graphene grown on 3C SiC (111) substrate. The 
crystalline size obtained for graphene grown on 3C SiC (100) is ~10.45nm with IG/I2D 
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ratio 3.33; whereas, it is 7.47 for graphene on 3C SiC (111) and the IG/I2D ratio is 0.47. 
The IG/I2D ratio represents the represents the number of layer (Table 11). From the 
above Raman analysis we conclude that IG/I2D ratio depends also on the quality of 
substrate. So, comparing it with monolayer graphene obtained from micro mechanical 
exfoliation will not be justified. The other feature observed at around 2965cm-1 is 
attributed to the combination of the D and G bands, known as D+G band [148]. The D+G 
band intensity is bigger for EG grown 3C SiC (100) than 3C SiC (111), which indicates it 
has more number of defects. 
Summary: 
We compared the epitaxial graphene growth on 3C SiC (100) and (111). The surface 
roughness has been significantly reduced after polishing both substrates, but, still, 3C 
SiC (100) has more surface roughness than 3C SiC (111). The graphene growth on 3C 
SiC (111) follows the step formation on the substrate; whereas, with 3C SiC (100) no 
such step formation is noticed. This may indicate different graphene growth 
mechanisms on the two substrates. XPS results do not show any significant difference in 
the number of layers formed. Raman spectroscopy analysis shows larger number of 
defects present on graphene grown on 3C SiC (100) compared to the one grown on 3C 
SiC (111). We have obtained a bigger crystalline area of graphene from 3C SiC (100) the 
crystalline size (La) calculation, but still the size of crystals were not large. The IG/I2D 
ratio, which is normally used in graphene layer calculation, is nearly same as it was 
obtained for graphene growth on unpolished 250nm thick substrates  
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Table 7: Raman data obtained from epitaxial graphene grown on 3C SiC (100) and 3C SiC (111). 
Sample 
type 
D band G band 2D band IG/ID La (nm) 
=2.4×10-10 
(λl)4 
(IG/ID) 
IG/I
2D 
Position Area FWHM Position Area FWHM Position Area FWHM 
3C SiC 
(100) 
1369.42 251217.5 53.14 1605.9 136564.8 59.22 2727.28 40921.75 70.43 0.54 10.44 3.3
3 
3C SiC 
(111) 
1361.79 83017.92 51.02 1608.44 32266.08 49.32 2706.93 68955.38 88.66 0.38 7.47 0.4
7 
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Chapter 5 
5 Conclusion and Future Work 
 
The aim of this PhD thesis is to provide a detailed insight into the growth of epitaxial 
graphene (EG) layers on 3C SiC (111)/Si(111) surfaces, including a precise 
characterisation of the structural properties using different microscopic and 
spectroscopic techniques in an UHV environment. The research questions pointed out at 
the beginning of this project are related to the improvement of the epitaxial graphene 
quality on SiC/Si substrates, which is of paramount importance for its use in nano and 
microelectronic applications. So a detailed study on this subject is mandatory. Due to 
high cost of the substrates, the growth of epitaxial graphene growth on 6H /4H SiC is 
not suitable for commercial purposes. In this extent, graphene epitaxially grown on 3C 
SiC (111)/ Si (111) is very promising. 
In the frame of my thesis, various surface science techniques were applied to study the 
EG layers on 3C SiC (111)/ Si (111). Scanning Tunnelling Microscopy (STM) and Atomic 
Force Microscopy (AFM) were used mainly for structural and morphological analysis of 
epitaxial graphene. X-ray photoelectron spectroscopy (XPS) was used for chemical 
composition analysis of EG. Finally, Raman spectroscopy allowed an insight into the 
vibrational properties and the intrinsic quality of the graphene. The entire growth 
process and characterisation has performed in UHV, except for the Raman spectroscopy 
measurements, which were performed in air. 
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The epitaxial graphene growth on 3C SiC (111)/Si (111) substrate has the advantage to 
produce graphene that can be used for further device production without the need of 
transferring it to another substrate. 
By thermal decomposition of Si atoms of 3C SiC (111) surfaces in UHV, monolayer 
graphene can be grown with high structural quality and with high charge carrier 
mobility. 
Three main results have been obtained in this thesis works: 
1) I have shown that epitaxial graphene grows as function of annealing temperature, 
and monolayer graphene can be grown on 3C SiC (111) substrates in a temperature as 
low as 1225 ̊C. The presence of monolayer and bilayer graphene was confirmed by high-
resolution STM images. From a quantitative XPS analysis I have been able to calculate 
the number of layers of graphene for each temperature, ranging from 1125 ̊C to 1375 ̊C. 
By plotting the layer thickness as a function of the annealing temperature I obtained the 
activation energy of this reaction. The quality of the obtained graphene layer has been 
evaluated via Raman spectroscopy. The presence of the D band indicates the presence of 
structural defects on the surface. (B. Gupta et al. Carbon, vol. 68, pp. 563-572, 2014.) 
2) I have also shown that the epitaxial graphene growth is not only is a function of 
annealing temperature but also a function of time, and it is true for all the annealing 
temperatures. We have proposed a model for epitaxial graphene growth that depends 
on exponentially by the square root of the annealing time. (F. Zarotti, B. Gupta, M. 
Tomellini, A. Sgarlata, N. Mishra, F. Iacopi, N. Motta, "Evolution of graphene growth with 
respect to temperature and time: an XPS study," to be submitted to PRL, 2015). 
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3) I have been able to clarify, by a combination of high-resolution STM images and of 
DFT calculations, the transition from SiC to graphene, going through a (3/2 × √3) 𝑅30° 
reconstruction, a metastable phase between (√3 × √3) 𝑅30° and monolayer graphene. 
We suggested that this metastable phase was due to the decrease of Si atoms upon high 
temperature annealing of the substrate, and that it is actually a distorted (2×2) 
graphene leading finally to the (1×1) graphene layer, as shown clearly from our STM 
images (B. Gupta et al. The transition from 3C SiC(111) to graphene captured by Ultra 
High Vacuum Scanning Tunneling Microscopy. Carbon, Accepted 2015) 
All these results have been published or submitted to International journals.  
Moreover a number of side results have been collected, deserving further studies before 
publication:  
1) I found by STM different kind of electronic effects that are created on epitaxial 
graphene surface due to the presence of defects (between interface and graphene 
layer). The periodicities of these effects are equal to √3 times of graphite lattice. These 
are not tip artefact but are a change in the electron density at the Fermi energy, which is 
affected by the presence of defects. 
2) I also studied different kinds of unpolished and polished 3C SiC (111)/ Si (111) 
substrates in order to find a better substrate for epitaxial graphene growth. The 
chemically mechanically polished substrates are good for epitaxial graphene growth, as 
graphene grows better on a smoother surface. 2D peak FWHM and IG/I2D ratio 
confirmed the formation of monolayer and bilayer graphene on chemically and 
mechanically polished 3C SiC (111) substrates. In comparison with Griffith University 
substrates, almost double the crystal sizes of epitaxial graphene (~17nm) were 
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obtained from the 3C SiC (111)/Si(111) purchased from Novasic Company, due to 
larger terraces present in this substrate. The hydrogen etching helped by removing the 
native oxide and the polishing damage, but it left some clusters on the surface. Further 
studies are required in order to understand the origin of these clusters. It also helped in 
increasing the graphene crystal size (~18nm). 
3) A comparison between epitaxial graphene growth on “on-axis” of chemically 
mechanically polished 3C SiC (100) and 3C SiC (111) has been performed. The STM 
study shows that the two surfaces have different graphene growth mechanisms. The 
roughness of the 3C SiC (100) is larger than that of the 3C SiC (111). The Raman studies 
indicate comparatively higher intensity of D and D+G band for 3C SiC (100), a sign of a 
poorer graphene quality. Bigger crystal sizes were obtained from epitaxial graphene 
grown on 3C SiC (100) than 3C SiC (111) under same conditions.  
Future Work:  
Future directions of this research in order to improve the quality of graphene on SiC/Si 
include: 
 Hydrogen etching is necessary to remove the polishing damages from the 
surface; however, a study to understand the reason for the cluster formation on 
the surface is required. 
 I tested the graphene grown on Griffith and Novasic substrates, both polished 
and unpolished 3C SiC (111)/Si(111) samples. There is a significant difference 
between these surfaces. To assess the quality of these substrates, a study of the 
electronic properties, like Hall mobility, charge carrier density and transport 
properties is required. 
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 I obtained growth parameters and growth conditions in order to prepare mono 
and bilayer graphene. These parameters can be used to grow monolayer 
graphene in order to test it for applications and device fabrications. 
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Appendix 
 
Appendix A: STM Tip Preparation by Omicron 
method:- 
 
There are different methods to prepare a STM tip. Those are  
 DC Etching in Solution (Threshold Cut-off) 
 DC Etching in Solution (Differential Cut-off) 
 DC Etching lamella 
DC Etching in Solution (Threshold Cut-off):- 
Working Principle: Electrochemical etching of W wire is obtained by immersing 
the wire in an electrochemical cell with a basic solution and applying a voltage of 3-10V 
between the wire and a cathode. The etching producesH2 bubbles at the cathode (ring 
electrode) and the tungsten wire is etched primarily at the liquid surface. The etching is 
stopped when the current drops below a certain cut-off current. It is expected that the 
current drop is caused by the actual drop of the immersed W wire which detaches from 
the tip. 
Method:- 
 Prepare NaOH solution from 100ml of de ionized/distilled water and 20gm 
NaOH pellet. In order to dissolve the pellets completely (must) in water leave it 
for 24 hours in room temperature. 
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 Cut the pieces of W-wire (0.38mm) of 1cm (final length + insertion depth). Prior 
to etching, these cut pieces should be clean properly with acetone/ ethanol by 
using ultrasonic machine and rinse thoroughly with de-ionised water. 
 Set the electronics to the etching device. Fill the beaker with the etching solution. 
Fix a piece of tungsten to a holder and insert this into the reception of the etching 
mount. Use stainless steel wire (0.5 to 1mm), make a big ring (electrode) with its 
one end and place it the beaker and the other tighten the other end with the 
etching device. Make sure that, the W wire should remain in the centre of the 
ring. 
 
 
Figure 1: Tip preparation tool 
 
 For DC etching in solution, the given voltage and current range is from 3V to 10V 
and 3mA to 5mA respectively. For our experiment we tried different voltage and 
current parameters. 
 Leave the tip inside the solution until the end drops and the current ceases to 
flow. When the end will drop, the device will make a sound. It is an indication 
that tip already prepared. Maximum time to prepare the tip is 5min. 
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 Remove the tip and dip in the distilled/ de-ionised water several times to clean 
the NaOH residual from the tip surface and dry the tip by using N2 gas. 
 
Figure 2: STM tips prepared by Omicron Method. 
 
 
Figure 3: STM images of Graphene with the homemade tip by Omicron recipe 
 
Dr Stefan Ernst [reference, Ernst Thesis] suggests some improvements to obtain perfect 
tips:- 
 
 Pre-etch the W pieces in order to create a clean and smooth end. For this end, 
insert the pieces by 2-3mm into the solution, and etch them for about one 
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minute, such that the W surface becomes shiny and all fibres (originating from 
the grooves in the initial wire surface) have come off, but no considerable neck 
formation is visible yet. The right point to stop can be seen by observing the 
etching current: As long as W fibres stick to the wire, the current fluctuates by 
several mA. Stop the process when the current has stabilised and starts to drop 
gradually. This procedure should be done at once for all the cut pieces before 
starting to etch tips.  
  The ring-shaped counter electrode should not be entirely inserted into the 
etchant but only touch the surface. In this way, disturbing H2 gas bubbles are 
minimised at the tip. 
 At the etching power supply, set the etching voltage to 8.5V, and the current 
threshold to =4mA. If other NaOH concentrations are used, the voltage has to be 
adapted accordingly (~6V for 4M, ~11V for 2M). 
 For our purpose we use 3 mole of NaOH solution (20gm of NaOH pellet and 100 
ml of DI-water). 
 Avoid any kind of vibration. 
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Figure 4: STM tip prepared by thesis report 
Appendix B: Epitaxial Graphene (EG) Growth 
without Manipulator Degassing 
 
The 3C-SiC epilayers (295/320nm) on Si was used for the experiment. The surface was 
analysed under AFM, SEM and STM. All the procedure used for this experiment is 
explained below. 
(a) As received samples (Griffith university) of 3C-SiC/ Si(100): 
As received 3C-SiC (100) sample was first cleaned with the standard procedure 
required for UHV. This includes sonication for 2 minutes with acetone in order to 
remove any grease from the surface followed by sonication in ethanol and finally in de-
ionised water to remove any residuals of solvents. Careful drying was then performed 
under a gentle flow of nitrogen gas. After cleaning, the surface of the sample was 
checked using Scanning Electron Microscope (SEM) and UHV-AFM. Results are shown in 
Figure5 and 6. 
 
Figure 5: FESEM image of as received 3C- SiC after a standard cleaning 
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Figure 5 shows the SEM topographic image of as received 3C SiC (100) followed by 
above mentioned standard cleaning procedure. In this figure little rectangular crystals 
fourfold symmetry (hut clusters) can be seen on the surface. These patterns can occur 
during 3C-SiC (100) deposition on Si (100) substrate due to the lattice mismatch and to 
the lack of control of the temperature and/or flux during the fabrication procedure. 
These crystals have been also observed more clearly in Figure6 by UHV-AFM. 
 
Figure 6: UHV-AFM image and Profile of the 3C SiC surface after a standard cleaning. 
 
Some smudges can also be observed in figure6. These strips could be occurred due to 
deionised water used for the cleaning procedure. May be the sample was not dry 
enough (by nitrogen gas) and when it dried naturally, streaks have been left on the 
sample. These streaks are not visible in the SEM images, as the samples have been 
cleaned more carefully. The average lateral size of the hut clusters is 50-100nm and the 
height. The roughness of this sample was 3.49nm, measured by UHV-AFM. 
 
(b) High temperature annealing of 3C SiC / Si (100) 
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The synthesis of graphene in UHV will follow the steps as given below: 
 In order to increase the conductivity of the SiC layers we need to use the resistive 
heating element of the manipulator to promote enough electrons in the 
conduction band, as our SiC is not conductive enough to go in conduction at 
room temperature. After achieving a temperature of about 500 ˚C on the sample 
by radiative effect, direct current heating can be turned on and the sample is 
flashed repeatedly to a temperature around 1250 ˚C by increasing the current up 
to 9A. 
 The annealing cannot be performed in one single step, as when the sample 
reache1200 ͦC the pressure in the chamber increases up to 10-8mbar. In order to 
obtain the cleanest graphene surface the pressure should be kept below 10-
9mbar. So repeated “flashes” of the sample (up to 10) were performed by 
annealing at 1200 to 1300 ͦC for a short period of time (20s to 1 min), monitoring 
the pressure and keeping it in the 10-9range. 
(c) Result after annealing: 
Figure7 shows the STM image of a surface of 3C-SiC (100) after annealing at 1250 ͦC for 
a total of 10 mins. 
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Figure 7: STM images of 3C-SiC (100) after annealing at 1250 ͦC 
 
The surface appears full of clusters instead of layers of graphene cluster, round shape 
feature with a diameter is of the order of 5nm and height between 3 and 5nm. The 
reason of this result can be found in the cubic symmetry of the SiC/Si(100) substrate, 
which is not matching the hexagonal graphene structure. This creates a large strain that 
can be accommodated with the formation of clusters. Also an incorrect removal of the 
oxide layer or the lack of Si during the annealing could be at the origin of the cluster 
formation. 
Appendix C: Procedure for e-bombardment of the 
sample mounted on the manipulator:  
 
Once the sample is inserted onto the manipulator, the e-bombardment process is 
started to degas the whole assembly including sample holder and head of the 
manipulator. The procedure is as following: 
 Set the front panel Filament (Fil) limit, Manual and Emission potentiometers 
fully counter clockwise (CCW) (Figure 8). 
 
Figure 8: e-beam heater power supply. 
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 Use the temperature controller Up/Down buttons to set a target temperature of 
200°𝐶. Initially degas in “Resistive mode” by selecting HT switch to OFF (Figure 
8). Set function switch to F1 auto (or F2 auto) and slowly rotate Fil limit switch 
from zero to ~1.7Amps. 
 Carefully monitor the vacuum system pressure and when this has recovered set 
a new target temperature of300°𝐶. If the current is not enough for the 
mentioned temperature, increase the Fil limit potentiometer setting (~1.9/2 
Amp) as appropriate for the heater assembly type; but do not exceed stated 
maximum (for our instrument it is 2.5Amps).  
 When system pressure fully recovered, set the Fil limit potentiometer fully CCW. 
Set a new target temperature of 350°𝐶. Set ‘HT select’ switch to -150V. Very 
slowly rotate the Fil limit potentiometer from minimum until an emission 
current is established. It will be display on the LCD display unit (Figure 8). 
Should be careful for the pressure while increasing the Fil limit. Do not set too 
high and emission value as this can cause “flash overs”. 
 When the temperature has stabilised and the system pressure has recovered, 
increase the target temperature in steps of 50°𝐶 or as your system allows you to 
increase it. The key is to keep pressure low (not >5 × 10−9 𝑚𝑏𝑎𝑟). Keep a 
constant check on the vacuum system pressure and adjust the Fil limit 
potentiometer as necessary to maintain system pressure. 
 Similar ways proceed until 500°𝐶. Stay at this temperature until the system 
pressure recovered (usually half an hour is enough). 
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Appendix D: A discussion on high resolution STM 
images obtained from polished 3C SiC (111) 
substrates. 
 
After annealing the sample at 1175 ̊C, the coexistence of three different kinds of 
reconstruction were found, namely (6 × 6), (5 × 5) and (6√3 × 6√3)R 30° on the 
surface (Figure 9) as it has been found by other researchers as well [136, 169]. Some 
researchers also has been claimed that (6√3 × 6√3)R 30° reconstruction comprises 
three periodicities that can be observed in different ways: (6 × 6)(5 × 5) and 
(6√3 × 6√3)R 30°[169]. Figure 9a is showing a (35×35)nm2 image which is consist of 
steps and different kind of reconstructions on top of it. In the middle (where blue colour 
unit cell has been placed) a (5 × 5)surface reconstruction can be observed with a 
periodicity of 15.4Å. Unfortunately a clear (5 × 5)surface reconstruction could not 
obtained because of the tip conditions. The (6 × 6) reconstruction can be observed in 
the rest of the place of Figure 9a. Figure 9b reveals the atomic arrangement 
of(6√3 × 6√3)R 30° reconstruction. 
A starting area of this super structure can be seen in Figure 9b. This unit cell is a large 
cell which contains 108 Si and 108 C atom per SiC bilayer and 338 atoms in a graphene 
layer. The side length of one (6√3 × 6√3)R 30° amounts to 32Å. This large unit cell of 
the (6√3 × 6√3)R 30° reconstruction evolves due to the different lattice parameters of 
graphene (2.46Å) and the SiC substrate (3.08 Å) [136]. STM images of the (6√3 ×
6√3)R 30° phase typically show a corrugation with an apparent (6 × 6) periodicity 
[169, 181]. Low bias STM images often do not allow identification of a periodic 
arrangement of the surface atoms for this super structure. However, under certain tip 
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conditions, the true (6√3 × 6√3)R 30° structure can indeed be resolved [169]. An STM 
micrograph obtained with (bias: 100mV) is shown in Figure 9 (b, c) and a schematic 
of(6√3 × 6√3)R 30°structure has been placed on Figure 9d. As indicated by the 
schematic superimposed on the STM image (Figure 9), three atom-like protrusions 
(three blue atoms together in a triangle form in Figure 9d) are found on the rings. 
 
Figure 9: Atomic images of CMP polished substrates after annealing at 1175 ̊C (a) (5×5) 
reconstruction showing in the middle (bias: 0.99V and I: 350pA). Unit cell is marked in blue.(b) 
image showing (𝟔√𝟑 × 𝟔√𝟑)𝐑 𝟑𝟎°reconstruction (bias: 0.82V and I: 440pA) starting point on the 
surface (c) A zoomed in view of image (b) obtained with bias: 100mV and I:320pA, (d)A 
(𝟔√𝟑 × 𝟔√𝟑)𝐑 𝟑𝟎°schematic superimposed on atomic image by putting blue dots on the surface 
and its unit cell is represented by red colour. 
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Each protrusion is a part of a diamond of four positions, which is in the same 
orientation – is repeated only with in the (6√3 × 6√3)R 30° periodicity. Thus, one large 
and two smaller rings together form the true (6√3 × 6√3)R 30° unit cell [136]. Only a 
few atoms of the (6√3 × 6√3)R 30° structure have been resolved, its complete atomic 
structure is still unresolved. This surface reconstruction is attributed to a C-rich phase 
but does not have any graphitic properties, as the adlayer has a strong interaction with 
the substrate, and so it is considered a buffer layer (B) or an interface layer 
(I).Thegraphene is strongly bound to the substrate resulting in a doping effect [62, 79] 
because of the presence of the interface layer. This doping effect disturbs the electronic 
properties of graphene. So in order to make EG free from substrate, recently Goler et al 
[124] shows by hydrogen intercalation quasi free standing monolayer graphene can be 
produced on SiC substrates. 
After heating the substrate at 1225 ̊C and 1250 ̊C, atomically resolved honey comb 
structure of monolayer graphene (Figure 10a) and A-B stacked graphene (Figure 10b) 
with a periodicity of 0.246nm respectively were achieved [71, 133]. 
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Figure 10: Atomic resolution images of mono and bi layer graphene. (a) Honeycomb of monolayer 
graphene (bias: 0.49V; I: 400pA) with periodicity of 0.246nm (b) A-B stacked graphene (bias: 
0.53V; I: 470pA). 
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